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Atmospheric fine aerosol (PM2.5) is important to Earth’s biogeochemical cycles and 
climate, and adversely impacts air quality and human health. Specifically, organic aerosol (OA) 
substantially contributes to PM2.5 mass but remains poorly characterized due to the diversity and 
complexity of its sources, formation mechanisms, and chemical composition. A suite of state-of-
the-art mass spectrometry (MS) methods were deployed and optimized to analyze distinct sets of 
source-specific OA samples collected from field studies and laboratory experiments in order to 
chemically characterize OA constituents at the molecular level. 
First, over 200 archived marine aerosol samples collected from Cape Grim, Tasmania, 
Australia under remote background conditions from 1991-2015, were analyzed using ultra-
performance liquid chromatography interfaced to a high-resolution quadrupole time-of-flight mass 
spectrometer equipped with an electrospray ionization source (UPLC/ESI-HR-QTOFMS) and gas 
chromatography interfaced to a quadrupole mass spectrometer equipped with electron ionization 
source (GC/EI-MS). Several ng m-3 of biogenic (e.g., isoprene- and monoterpene-derived) 
secondary organic aerosol (SOA) tracers were quantified from 29 summer and winter seasons. 
Biogenic SOA tracers were enhanced during summer seasons and had moderate-to-strong 
correlations with marine bioactivity indicators such as methanesulfonic acid and chlorophyll-a. 
iv 
 
In addition, UPLC/ESI-HR-QTOFMS coupled with inline diode array detection (DAD) 
were utilized to assess light-absorbing brown carbon (BrC) OA from over 100 systematically-
performed laboratory-simulated primary and aged wildfire emissions during the 2016 Fire 
Influence on Regional and Global Environments Experiment (FIREX) at the US Forest Service 
Fire Science Lab in Missoula, Montana. 37 solvent-extractable BrC constituents were 
characterized in terms of their composition, contributions to PM2.5 mass, emission factors, light 
absorbance, and evolution due to photochemical aging.   
Furthermore, we developed and optimized a versatile hydrophilic interaction liquid 
chromatography (HILIC)/ESI-HR-QTOFMS method that can efficiently resolve and measure the 
major isoprene epoxydiols (IEPOX)-derived and several other water-soluble SOA constituents 
with enhanced resolution of separation, sensitivity of detection, and accuracy of measurements. 
These findings provide detailed chemical composition of the atmospheric OA constituents 
that originate from varying sources, and thus, can serve as inputs for future studies on atmospheric 
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CHAPTER 1: INTRODUCTION 
 
1.1 Atmospheric Organic Aerosol  
Atmospheric fine aerosol (i.e., PM2.5, particulate matter with aerodynamic diameters ≤ 2.5 
µm) are important to atmospheric chemistry and physics, the biosphere, climate, and public 
health.1 They are known to alter global radiative forcing by scattering and absorbing solar radiation 
and adjusting cloud formation properties via acting as cloud condensation nuclei (CCN).2,3 Based 
on epidemiological studies, PM2.5 are closely associated with respiratory diseases and premature 
death.4 Numerous epidemiological studies show that PM2.5 is correlated with severe health effects, 
including enhanced mortality, cardiovascular, and respiratory diseases.5–7  
Organic aerosol (OA) has been extensively studied in the past decades, even though its 
sources, composition and chemical transformations remain poorly understood.8,9 Field studies 
conducted in urban and rural areas showed OA can contribute a substantial fraction of the 
submicron aerosol (PM1) mass in the troposphere.
10,11 Inorganic aerosol constituents, such as 
sulfate and nitrate, are mostly anthropogenic in origin, especially over continental locations, 
whereas  OA can be attributed to both anthropogenic and biogenic (natural) sources.10 Moreover, 
OA consists of both primary organic aerosol (POA) that is directly emitted from its sources into 
the atmosphere, and secondary organic aerosol (SOA) that is formed from the chemical 
transformation of atmospheric organic compounds, such as oxidation or multiphase chemistry of 
volatile organic compounds (VOCs), into lower-volatility organic products.12 Although 




a large (sometimes dominant) fraction of total OA mass, based on several complementary 
measurements of ambient aerosol, including organic carbon (OC) mass fraction,13 loadings of 
water-soluble OC (WSOC),14 and level of oxidation measured by aerosol mass spectrometry 
(AMS).15,16 
1.2 Source-Specific Atmospheric Aerosol Constituents 
1.2.1 Terrestrial Biogenic SOA from Isoprene and Monoterpenes 
Gaseous precursors of SOA can be emitted from anthropogenic (e.g., industry, 
transportation, household) and biogenic (e.g., terrestrial and oceanic lives) sources.17 Biogenic 
VOCs (BVOCs) are considered to be major contributors to the global SOA burden rather than 
those emitted from anthropogenic sources, with total biogenic secondary organic aerosol (BSOA) 
fluxes estimated to be 88 TgC yr-1.18 Both laboratory and field studies indicate that BVOCs, such 
as isoprene19–22 and monoterpenes23,24, including α-pinene and β-pinene, play a vital role in global 
and regional atmospheric SOA production. 
Isoprene (C5H8) is the most abundant non-methane hydrocarbon emitted into Earth’s 
atmosphere with emissions estimated up to 600 Tg yr-1 and is derived largely from deciduous 
trees.25 The atmospheric oxidation of isoprene plays an important role in both tropospheric ozone 
(O3) and SOA formation in forested regions affected by anthropogenic activities.
26–33 Specifically, 
hydroxyl radical-initiated oxidation of isoprene during the daytime under low-nitric oxide (NO) 
conditions produces substantial amounts of isoprene epoxydiols (IEPOX) (~50% yield).34,35 The 
acid-catalyzed multiphase chemistry (e.g., reactive uptake) of IEPOX onto existing sulfate 
particles produces SOA constituents including 2-methyltetrols,28,29,36,37 C5-alkene triols,
28,29,36,37 3-
methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols),29 organosulfates,29,37–39 and low-volatility 




aerosol acidity, nucleophile, surface area, and salting-in) play a critical role in forming atmospheric 
IEPOX-derived SOA.26,30,38,41–43 
Monoterpenes (C10H16), such as α-pinene and β-pinene, are estimated to be the second-
largest class of BVOCs emitted into the global atmosphere. These BVOCs are primarily emitted 
from coniferous trees as well as other types of vegetation (e.g., shrubs and fruits).44 Once these 
compounds are emitted, monoterpenes like α-pinene are quickly oxidized by •OH or ozone (O3) 
during the daytime, and by nitrate radical (NO3) during the nighttime, resulting in a complex 
mixture of first-generation oxidation products consisting primarily of carbonyls, carboxylic acids, 
alcohols, and organic nitrates.45–49 Due to the lower vapor pressure of monoterpene-derived 
oxidation products, they partition between the gas and particle phases, resulting in the formation 
of SOA.8,12,50–52 First-generation oxidation products of α-pinene may undergo further processing 
in the gas and aerosol phases, such as oxidation,53,54 sulfation,39,55 and oligomerization,56–58 
resulting in the formation of less volatile, high-molecular weight compounds. For example, pinonic 
acid is a semi-volatile organic and a significant fraction of pinonic acid is present in the gas phase 
at 283 K.59 Through further reactions with •OH, gas-phase pinonic acid is oxidized to its second-
generation oxidation product 3-methyl-1,2,3-butane tricarboxylic acid (MBTCA),53,59 which has 
low vapor pressure and rapidly partitions into the aerosol phase, while other first and later 
generation compounds, such as pinic, terpenylic acid and/or diaterpenylic acid acetate, are believed 
to undergo oligomerization to form dimers,60 which are effectively captured in the particle phase 
because of their reduced vapor pressures. 
1.2.2 Marine-Originated Isoprene and Monoterpene-Derived SOA 
The background aerosol in the boundary layer over the remote oceans is quite different 




organic mass fractions.61 Atmospheric aerosol particles derived from marine sources can also play 
a significant role in the global climate system through direct and indirect effects.62 In recent 
decades, sources and chemical composition of marine aerosol particles have been examined.63–65 
For example, in the late 1980s, it was hypothesized that dimethylsulfide (DMS)-derived sulfate 
contributed to the majority of the CCN in remote marine boundary layer.63 However, recent studies 
have provided evidence that sea salt (inorganic) and organic constituents of marine aerosols are 
the likely major sources of CCN, whereas the contribution of DMS might be more limited than 
previously thought.66,67 Quinn and Bates proposed mechanisms for the sources and production of 
CCN in the remote marine boundary layer, where DMS contributes to the marine boundary layer 
CCN population via a series of tropospheric atmospheric oxidation processes, whereas sea salt and 
organics are emitted as a result of wind-driven bubble bursting.68 While primary aerosol is emitted 
directly from wind-driven bubble bursting on the ocean surface,69 marine secondary aerosol 
originate largely from the atmospheric oxidation of BVOCs,18,70 including phytoplankton-emitted 
DMS63 and the well-established terrestrial BSOA precursors mentioned in the previous section, 
such as isoprene and monoterpenes.44,71,72 While current debate focuses on the magnitude and 
spatial distribution of global fluxes of isoprene and monoterpenes as well as their contribution to 
submicron marine aerosol mass,73,74 the origins, chemical composition and formation mechanisms 
of marine SOA derived from these precursors remain less well characterized than those over the 
continents.  
Specifically, marine biota have been uncovered as an oceanic source of isoprene and 
monoterpene emissions,71,72 with their production rates determined from a variety of marine 
phytoplankton, heterotrophic bacteria, and seaweeds,75,76 and varied with plankton species, 




nutrients.73,77 Atmospheric mixing ratios of isoprene and monoterpenes over the oceans were 
measured up to several hundred parts-per-trillion by volume (pptv), and likely contributing to SOA 
formation derived from marine emissions.72,78,79. For example, high concentrations of isoprene-
derived SOA and monoterpene-derived SOA tracers, up to 36 and 20 ng m-3, respectively, have 
been measured from marine samples collected from the Arctic to Antarctic regions.80 Modelling 
estimates based on marine chlorophyll-a extrapolate the global oceanic fluxes of isoprene to be 
below-1 to 12 TgC year-1 and of α-pinene to be below-0.2 to 30 TgC year-1.81,82 In addition to the 
living biogenic sources, other potential aerosol sources such as dissolved organic matter released 
from bubble-bursting processes and photosensitized reactions of less-volatile phytoplankton-
derived organics present in the sea surface microlayer were revealed.83,84 
1.2.3 Biomass-Burning and Light-Absorptive Aerosol 
As a large source of atmospheric carbonaceous OA,85–87 biomass burning-derived OA 
(BBOA) from wildfires contains thousands of gaseous and particulate constituents that can 
significantly influence atmospheric chemistry, cloud formation, climate, and human health.88–90 
Individual and categorized organic emissions from wildfires have been previously identified and 
quantified.91–102 However, previous measurements did not always provide quantitative chemical 
composition data of the light-absorbing constituents (referred to as brown carbon, BrC) from 
biomass burning emissions, and thus, the specificity, light-absorption properties, and reactivity of 
wildfire emissions remain unclear, impeding accurate predictions of the impacts of wildfires on 
the environment. The light-absorbing components (i.e., chromophores) in BrC aerosol are 
expected to possess a high degree of unsaturation or conjugation,86,103,104 but are rarely quantified 
along with other BBOA constituents or used as BrC tracers in the atmosphere.105–107 In some 




classes of strong chromophores at trace levels,108–110 such as polycyclic aromatic hydrocarbons 
(PAHs),111,112 nitrogen (N)-containing aromatic compounds (NACs) and their 
derivatives.105,106,109,110,113,114 The complex mixture of gas- and particle-phase biomass burning 
emissions, including BrC constituents, can undergo atmospheric oxidation and multiphase 
chemistry. Numerous studies indicate that optical and chemical properties of BrC may 
substantially evolve as BBOA ages in the atmosphere,115–120 or may be affected by other factors 
such as solar irradiation121,122 and relative humidity (RH).123,124 However, due to the complex 
atmospheric perturbations and the uncontrolled nature of wildfires, characterization of BrC aerosol 
constituents from biomass burning emissions needs to be systematically assessed in the laboratory 
where variables can be constrained to minimize uncertainties from burn to burn.  
1.3 Mass Spectrometric Techniques for Atmospheric Aerosol Measurements 
Improvement to the basic knowledge of atmospheric aerosol heavily relies on better 
assessment and characterization of their detailed chemical composition and speciation in varied 
conditions and phases, which calls for the development and applications of advanced mass 
spectrometry (MS) based analytical techniques for aerosol measurements with online and offline 
analysis for both gaseous and condensed phases.125,126 In the past several decades, MS techniques 
have been widely utilized for aerosol characterization, as it has been demonstrated to be a suitable 
and unmatched tool for both qualitative and quantitative analysis, unraveling the complexity of 
OA and providing molecular information on the aerosol composition and transformations.  This 
has been done over a broad range of chemical species in OA with high sensitivity and robustness, 
especially when interfaced to gas or liquid chromatography for prior separation of the complex 
mixture.127,128 Specifically, mass spectrometric characterization of atmospheric aerosol can be 




chromatography/mass spectrometry (LC/MS)) and online (e.g., AMS) techniques.18 Offline 
techniques, which require OA time-integrated collection and extraction steps, offer molecular 
characterization of SOA tracers that are important in identifying their gaseous precursors and 
chemical formation processes. GC/MS, one of the most widely used offline techniques, requires 
an additional derivatization step that is necessary for detecting highly oxidized and polar 
compounds that largely comprise SOA. GC/MS with prior derivatization has been used to identify 
oxidized SOA compounds from various precursors.22,24,28,129–131 LC/MS interfaced with 
electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI) is powerful in 
characterizing large polar organic compounds without the need for prior derivatization. This 
technique has been applied in characterizing SOA from chamber studies,28,29,132 including sulfated- 
and nitrated-organics38,55,133,134 as well as carboxylic acids and dimer esters.135 In addition, 
molecular characterization of light-absorbing OA components (BrC) has been substantially 
advanced in recent years by coupling a light-absorption detector (i.e. photodiode array (PDA) 
detector, or diode array detector (DAD)) to LC/ESI-MS.106,136 This method allows chemical 
characterization of BrC aerosol constituents to be precisely identified with their wavelength-
dependent chromophores from a majority of non-absorbing OA constituents.  
1.4 Deficiencies of Current Analytical Techniques on Atmospheric Aerosol Characterization 
Offline techniques are limited temporally and spatially, causing our characterization of 
formation kinetics and critical intermediates to remain less effective.18 These offline analytical 
techniques are also susceptible to both positive and negative artifacts due to evaporation, 
adsorption, and chemical reactions during the collection and analysis procedures.137,138 For 
example, many of the IEPOX-derived SOA C5 tracers mentioned above, including the 2-




studies by gas chromatography interfaced to electron ionization mass spectrometry (GC/EI-MS) 
with prior trimethylsilylation,28,29,36–38,129 and have been widely used to investigate SOA formation 
mechanisms, derive kinetic parameters, and evaluate model performance of IEPOX-derived 
SOA.29,36,139,140 However, volatility and composition analysis by a filter inlet for gases and aerosol 
coupled to a chemical ionization mass spectrometer (FIGAERO-CIMS) equipped with iodide 
reagent ion chemistry demonstrated that IEPOX-derived SOA has lower volatility than predicted 
from the concentrations of commonly reported IEPOX SOA C5 tracers; in particular the 2-
methyltetrols, C5-alkene triols and 3-MeTHF-3,4-diols. As a result, thermal decomposition of 
accretion products (oligomers) or other low-volatility organics, such as organosulfates, may 
contribute significantly to tracers previously measured by GC/EI-MS.141 A second set of studies 
using FIGAERO-CIMS or semi-volatile thermal desorption aerosol gas chromatogram (SV-TAG) 
instrumentation with online derivatization reached similar conclusions on the potential impacts of 
thermal decomposition on OA composition measured.142–145 As another example, different 
protocols based on ultra-performance liquid chromatography interfaced to high-resolution tandem 
mass spectrometry with electrospray ionization (UPLC/ESI-HR-MSn), have been used to 
characterize organosulfates and oligomers. However, separation of polar, water-soluble 
components is conventionally attempted with reverse-phase liquid chromatography (RPLC) 
columns.28,29,38,146 RPLC columns do not resolve such compounds well because of either extremely 
short retention times (RTs), poor peak shapes, or ion suppression effects due to co-eluting 
inorganic aerosol constituents, leading to potential complications in identifying and quantifying 
target compounds. The IEPOX-derived polyols are hydrophilic compounds owing to their 
hydroxyl functional groups, and the organosulfates are ionic polar compounds.141,146 Hence, an 




simultaneous analysis of polar and water-soluble components while avoiding the drawbacks 
associated with current analytical methods would be highly desirable.  
1.5 Objectives of Dissertation 
Specific research questions outlined below are addressed in the Chapters 2-4 of this dissertation, 
with associated tables and figures attached at the end of each chapter: 
 
1. What are the sources and chemical composition of atmospheric OA over the remote oceans? 
How does BVOC-derived SOA (e.g., from isoprene and monoterpene) contribute to marine OA? 
Does it change over time? 
Chapter 2 presents the concentrations of a number of isoprene- and monoterpene-derived SOA 
tracers, measured from over 200 archived ocean-originated particulate samples collected from 
1991-2015 at Cape Grim, Australia, analyzed using a suite of chromatographic and mass 
spectrometric techniques such as UPLC/ESI-HR-QTOFMS and GC/EI-MS. Consistent seasonal 
variations and moderate-to-strong correlations with marine bioactivity indicators such as 
methanesulfonic acid and chlorophyll-a were observed., suggesting that marine biota can provide 
sources of biogenic SOA in remote marine atmospheres.  
 
2. What are the deficiencies of the mass spectrometric techniques for characterizing atmospheric 
OA? How can we improve those analytical techniques especially those used in the previous 
chapter? 
These questions are addressed in Chapter 3, where we developed and optimized a versatile HILIC 




that can efficiently resolve and measure the major IEPOX-derived and several other water-soluble 
SOA constituents with enhanced separation, sensitivity, and accuracy. 
 
3. What are the chemical compositions, emission rates, and differences of light-absorbing OA 
(BrC) constituents from primary and photochemically-aged wildfire emissions? How do they vary 
with different fuels burned? 
These questions are addressed in Chapter 4, where we used UPLC/ESI-HR-QTOFMS coupled 
with a UV-vis detector to characterize BrC OA from over 100 systematically-performed 
laboratory-simulated primary and aged wildfire emissions during the 2016 Fire Influence on 
Regional and Global Environments Experiment (FIREX) at the US Forest Service Fire Science 
Lab in Missoula, Montana. A large number of solvent-extractable BrC constituents (i.e., 37 in 
total) were characterized at the molecular level in terms of their compositions, contributions to 
PM2.5 mass, emission factors, light absorbance, and their changes that occurred due to 
photochemical aging. 
 
The last chapter (Chapter 5) presents conclusions based on the findings from the Chapters 2-4. 
Future work is also discussed in the last chapter. Supporting information associated with Chapter 













CHAPTER 2: CHEMICAL CHARACTERIZATION OF ISOPRENE- AND 
MONOTERPENE-DERIVED SECONDARY ORGANIC AEROSOL TRACERS IN 
REMOTE MARINE AEROSOLS OVER A QUARTER CENTURY1 
 
2.1 Overview 
Isoprene and monoterpenes are ubiquitous precursors of biogenic secondary organic 
aerosol (SOA) over continental regions; however, their contributions to organic aerosol (OA) mass 
and chemical processes in remote marine atmospheres remain uncertain. Determining exact 
sources of organics in marine aerosol is needed in order to more accurately assess aerosol climate 
effects in remote locations through coupled atmospheric chemistry-climate simulations. Over 200 
archived ocean-originated particulate samples collected from 1991-2015 at Cape Grim, Australia, 
were analyzed using a suite of chromatographic and mass spectrometric techniques. To our 
knowledge, this is one of the longest-running continual archives of marine aerosol samples 
collected under remote background conditions. Up to 6.75 and 1.11 ng m-3 of isoprene- and 
monoterpene-derived SOA, respectively, were quantified using authentic standards. Although 
there was no clear temporal trend over the decades, consistent seasonal variations were observed 
with higher biogenic SOA in summer, which was moderately-to-strongly correlated (r = 0.61-0.85) 
with marine bioactivity indicators such as methanesulfonic acid and chlorophyll-a. These 
correlations indicate that marine biota likely emit biogenic SOA precursors that are able to 
                                               
 
1 This chapter has just been accepted for publication as a “Just Accepted Manuscript” in American Chemical Society 
Earth and Space Chemistry. “Chemical Characterization of Isoprene- and Monoterpene-Derived Secondary Organic 
Aerosol (SOA) Tracers in Remote Marine Aerosols over A Quarter Century” by Tianqu Cui, Hilary Green, Paul W. 
Selleck, Zhenfa Zhang, Rachel O'Brien, Avram Gold, Melita Keywood, Jesse H. Kroll, and Jason D. Surratt, ACS 




contribute to remote background OA levels. Based on historical observations of OA mass 
estimated in the marine baseline samples, these biogenic SOA tracers contributed up to 0.71% 
(0.26±0.24% on average) of the total OA mass fraction. Our data suggest that larger sources of 
OA exist in remote marine atmospheres, such as primary OA produced from bubble-bursting 
processes or SOA precursors derived from photosensitized reactions of dissolved organic matter 
present in the sea surface microlayer. 
2.2 Introduction 
Atmospheric aerosol particles derived from marine sources can play a role in the global 
climate system through direct and indirect effects.62 In recent decades, sources and chemical 
constituents of marine aerosol particles have been examined.63–65 While primary aerosol is emitted 
directly from wind-driven bubble bursting on the ocean surface,69 marine secondary aerosol 
particles originate largely from the atmospheric oxidation of biogenic volatile organic compounds 
(BVOCs),18,70 including phytoplankton-emitted dimethylsulfide (DMS)63 and well-established 
secondary organic aerosol (SOA) precursors such as isoprene and monoterpenes.44,71,72 While 
current debate focuses on the magnitude and spatial distribution of global fluxes of isoprene and 
monoterpenes as well as their contribution to submicron marine aerosol mass,73,74 the origins, 
chemical composition and formation mechanisms of marine SOA derived from these precursors 
remain poorly characterized.  
Since marine biota were unveiled as a source of isoprene and monoterpene emissions,71,72 
their production rates have been determined from a variety of marine phytoplankton, heterotrophic 
bacteria, and seaweeds,75,76 with production rates varying with plankton species, chlorophyll 
concentration, and environmental parameters (e.g., temperature, solar radiation, and nutrient 




up to several hundred parts-per-trillion by volume (pptv), likely resulting in SOA derived from 
marine biological emissions.72,78,79 Specifically, significant levels of isoprene-derived SOA (iSOA) 
and monoterpene-derived SOA (mSOA) tracers, up to 36 and 20 ng m-3, respectively, have been 
measured from marine samples collected from the Arctic to Antarctic regions.80 Modelling 
estimates based on marine chlorophyll-a extrapolate the global oceanic fluxes of isoprene to be < 
1 to 12 TgC year-1 and of α-pinene to be < 0.2 to 30 TgC year-1 (from the “bottom-up” to “top-
down” approaches).81,82 In addition to biogenic sources, recent studies revealed potential aerosol 
sources involving dissolved organic matter from bubble-bursting processes and photosensitized 
reactions of non-volatile plankton-derived organics present in the sea surface microlayer, possibly 
resulting in subsequent SOA formation.83,84 
Spatial distributions of oceanic emissions of isoprene and monoterpenes as well as their 
SOA tracers have been examined in a large number of field studies around the globe.80,147 However, 
few field studies have been able to assess temporal trends of SOA quantity and composition.148,149 
Moreover, most field measurements have been performed at coastal locations and higher 
concentrations of SOA were observed than in central or remote oceans. The difference is likely 
due to higher levels of phytoplankton in coastal waters or continental outflows and coastal vessel 
emissions.80,150 Therefore, continental and anthropogenic sources should be eliminated to 
determine the precise contribution of the remote marine-derived BVOCs to the formation of SOA. 
In this study we analyzed over 200 marine-derived aerosol samples collected at Cape Grim, 
Australia, from austral summer and winter seasons during 1991-2015. To our knowledge, this is 
one of the longest-running filter sample archives of marine-derived aerosol monitored under clean 
background conditions, where continental outflows were intentionally excluded. Known iSOA and 




chromatography interfaced to a high-resolution quadrupole time-of-flight mass spectrometer 
equipped with an electrospray ionization source (UPLC/ESI-HR-QTOFMS) and gas 
chromatography interfaced to a quadrupole mass spectrometer equipped with electron ionization 
source (GC/EI-MS).60,130,134,151–153 Our study aimed to obtain the quantities and temporal trends of 
iSOA and mSOA from remote marine aerosol samples to gain insights into their sources and 
contributions over the oceans. In addition, correlations of marine bioactivity indicators, including 
methanesulfonic acid (MSA), oxalic acid, and chlorophyll-a, with iSOA and mSOA tracers were 
assessed to further establish marine sources.63,154,155 
2.3 Experimental Section 
2.3.1 Field Aerosol Collection under Baseline Conditions at Cape Grim, Australia 
The Cape Grim Baseline Air Pollution Station is located at the top of a 94-m cliff on the 
western side of the northwest tip of Tasmania, Australia (40°40’56” S, 144°41’18” E), as shown 
in Figure A1 (Appendix A). This station is surrounded by a rocky reef and nearby grassland. The 
station is a global monitoring station in the World Meteorological Organization (WMO)’s Global 
Atmospheric Watch Program, and has been operating since 1976.156 
Week-long aerosol filter samples were collected from 1991-2015 using high-volume filter 
samplers (customized instrument in 1991-2002; and High-Volume sampler, Ecotech 3000 in 2003-
2015) equipped with size-selective inlets, resulting in a particle size cut of coarse particulate matter 
(PM10, aerosol with aerodynamic diameters of ≤ 10 µm) during 2003-2015 and PM11-12 (aerosol 
with aerodynamic diameters of ≤ 11-12 µm) during 1990-2003. The sampling flow rate was 54 m3 
h-1, regulated by pressure transducers over the 1990-2003 sampling period, and 67.8 m3 h-1, 
regulated by mass flow controllers over the 2003-2015 sampling period. The flow rates were 




was cleaned and re-greased monthly. Samplers were equipped with Pallflex Emfab filters (PALL 
Life Sciences), 25 cm × 20 cm, constructed of pure borosilicate glass microfibers reinforced with 
woven glass cloth and bonded with polytetrafluoroethylene (PTFE). Monthly field blanks were 
taken by running the high-volume filter sampler for a few minutes. 
To insure exclusive collection of ocean-originated aerosols, the high-volume filter 
samplers were operated only during periods with on-shore air flow that originated from the open 
ocean. From 1990-2003, the “Baseline Event Switch 2” was employed for particulate sample 
collection: wind direction between 190 and 280 (Figure A1), the condensation nucleus (CN) 
concentration < 600 particles cm-3. Monthly operation with “Baseline Event Switch 3” commenced 
in 2003: wind direction between 190 and 280; CN concentration threshold determined by the 
90-percentile of CN hourly medians over 5 previous years at the 50-m level, further constrained 
by a radon concentration < 100 mBq m-3 (an ideal indicator for continental emissions), interpolated 
using cubic splines to give daily values. Air mass origin maps, back trajectory data and angular 
radon distributions support the origin of air masses arriving at the station largely from the baseline 
sector. See Appendix A for details regarding sample collection, baseline criteria, and collocated 
data in annual or biennial Cape Grim Baseline Reports since 1976. 
Exposed filters were stored at 3 °C at Cape Grim until they were transported to 
Commonwealth Scientific and Industrial Research Organization (CSIRO) laboratories at 
Aspendale, Victoria, where they underwent gravimetric mass determination and IC analysis for 
soluble ion concentrations, usually within two months of sample collection. Then the remaining 
non-extracted filters were stored at 3 °C until shipped to the University of North Carolina at Chapel 
Hill (UNC) in 2016 to be stored at -20 °C until extracted for the subsequent GC/EI-MS and 




2.3.2 Filter Extractions 
2.3.2.1 Strategy of Filter Extractions 
A total of 211 field samples and 26 field blank filters were selected from 14 summer 
seasons (mid-December – mid-February) and 15 winter seasons (mid-June – mid-August) during 
the 1991-2015 sampling period for chemical analysis of known iSOA and mSOA tracers. Each 
season was represented by compositing 5-9 week-long filters collected during the season, resulting 
in average seasonal concentrations being determined for each SOA tracer. An aliquot of each filter 
(12.5 cm × 20 cm) was individually extracted and combined by season in order to ensure sufficient 
mass for GC/EI-MS and UPLC/ESI-HR-QTOFMS analysis. This protocol provided sufficient 
time resolution of each biogenic SOA tracer over the entire sampling period in a cost-effective 
manner. 
2.3.2.2 Filter Extraction Procedures 
 Filters were extracted with 20 mL of high-purity methanol (LC-MS CHROMASOLV-
grade, Sigma-Aldrich) followed by sonication for 45 min. The methanol extracts were then blown 
dry under a gentle N2 stream at room temperature (21-22 ℃). Dried seasonal extracts were 
reconstituted in 3 mL of methanol, split into three equal aliquots, blown dry and then reconstituted 
using solvents that were appropriate for the specific analytical technique applied to the chemical 
characterization as described in subsequent sections. Immediately prior to analysis, reconstituted 
seasonal extracts were filtered through a PTFE syringe filter (Agilent, 0.2-µm pore size) to remove 




2.3.3 Aerosol-Phase Chemical Characterization 
2.3.3.1 Instrumentation 
Chemical characterization of the iSOA and mSOA constituents were performed on a 
GC/EI-MS (Hewlett Packard 5890 Series II Gas Chromatograph interfaced to an HP 5971A Series 
Mass Selective Detector) and a UPLC/ESI-HR-Q-TOFMS (Agilent 6520 Series) operated in the 
negative ion mode. Operating details of both GC/EI-MS and UPLC/ESI-HR-QTOFMS have been 
described elsewhere and are briefly described below.157 
2.3.3.2 GC/EI-MS for Determination of iSOA 
 For analysis by GC/EI-MS, the GC column (Econo-CapTM-ECTM-5, 30 m × 0.25 mm × 
0.25 µm) was heated up to 310 ℃ and the ionization source operated at 70 eV; the full temperature 
elution program for the GC/EI-MS has been described previously by Surratt et al.158 One aliquot 
of the dried seasonal extract was derivatized by addition of 200 µL BSTFA (N,O-bis (trimethylsilyl) 
trifluoroacetamide) + trimethylchlorosilane, 99:1 (v/v), Supleco) and 100 µL pyridine (98% 
anhydrous, Sigma-Aldrich,) followed by heating for 1 h at 70 ℃. Analysis was performed within 
24 h following trimethylsilylation. iSOA standards were synthesized in-house by published 
procedures: 2-methylglyceric acid (2-MG), 2-methyltetrols (2-methylthreitol and 2-
methylerythritol) and cis- and trans-3-methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-
diols).159,160 In addition, high-purity commercially available chemicals (all from Sigma-
Aldrich, >99%), including levoglucosan and ketopinic acid, were used as authentic or surrogate 
external standards for identification and quantification. 
2.3.3.3 UPLC/ESI-HR-QTOFMS for Determination of mSOA 
For UPLC/ESI-HR-QTOFMS analysis, an aliquot of dried seasonal extract was 




Aldrich) and high-purity deionized water (Milli-Q, 18.2 MΩ). 5 µL aliquots were injected onto a 
reverse-phase UPLC column (Waters ACQUITY UPLC HSS T3 column, 2.1× 100 mm, 1.8 µm 
particle size) eluted at a flow rate of 0.3 mL min-1 with a mobile phase of methanol containing 0.1% 
acetic acid (LC-MS CHROMASOLV-grade, Sigma-Aldrich) and water containing 0.1% acetic 
acid (LC-MS CHROMASOLV-grade, Sigma-Aldrich). The gradient elution program used to 
separate these mSOA components has been previously described by Kristensen et al.135 
A number of carboxylic acids and organosulfates (OSs) derived from monoterpenes and/or 
isoprene were examined and quantified by the UPLC/ESI-HR-QTOFMS operated in negative ion 
mode using authentic or surrogate standards. BVOC-derived OSs that were closely examined 
included glycolic acid sulfate (C2H3O6S
-), lactic acid sulfate (C3H6O6S
-), 2-MG OS (C4H7O7S
-), 
2-methyl-3-buten-2-ol (MBO)-derived OS (C5H11O6S
-), 2-methyltetrol sulfates (C5H11O7S
-) and a 
monoterpene-derived OS (C10H17O5S
-);134,161–163 however, no OSs were detected in any of the 
composited seasonal samples. Based on similarity of structures, terebic acid (Tokyo Chemical 
Industry, 98%) was used to quantify terebic and terpenylic acids, both of which are known mSOA 
constituents.60,152 In addition, authentic pinic acid (Sigma-Aldrich, 99%) was used to quantify pinic 
acid, whereas authentic 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA, Toronto Research 
Chemicals, 98%) was used to quantify MBTCA, but used as a surrogate standard to quantify 
diaterpenylic acid acetate (DTAA). Pinic acid, MBTCA, and DTAA are also known as mSOA 
tracers.130,152,153,164 
2.3.3.4 IC for Water-soluble Particle-Phase Constituents 
A 6.25-cm2 section of each high-volume filter sample was cut and extracted to measure 




Dionex ICS-3000), performed at the CSIRO laboratories within two months after collection (see 
Appendix A for details).  
2.3.3.5 Quality Control and Corrections 
Six-point calibration curves were constructed for each standard over the concentration 
range 0.25-50 µg mL-1 for GC/EI-MS and 0.01-50 µg mL-1 for UPLC/ESI-HR-QTOFMS. SOA 
tracers quantified from the field samples were not detected from any laboratory or field blanks. 
The extraction efficiency for all compound was >94%, confirmed by a second extraction and 
analysis of selected filters. The recovery rates of spiked standards were 85±15% for GC/EI-MS 
and 65±20 % for the UPLC/ESI-HR-QTOFMS. The results reported in this study have not been 
corrected for recovery. Carryover of SOA constituents quantified by GC/EI-MS and UPLC/ESI-
HR-QTOFMS was found to be negligible by analyzing solvent blanks between injections of 
seasonal samples from Cape Grim. The analytical precision determined by quintuplicate injections 
of select samples and standards was 1.8±0.2% for GC/EI-MS and 3.6±1.2 % for UPLC/ESI-HR-
QTOFMS. 
Possible changes in the chemical composition of archived filter samples was also assessed 
during this study. Twenty-four selected filter samples covering 1990-2011 were reanalyzed using 
IC in 2016 in order to identify changes in inorganic or organic constituents. The following average 
increases from time of collection to 2016 were observed: Na+, 4±20%; Mg2+, 6±24%; SO4
2-, 
11±18%; oxalate, 18±40%; MSA, 1±29%. Different fractions of a set of filters (n=6) were 
analyzed by UPLC/ESI-HR-QTOFMS in 2011 and again in 2014. No change was observed over 
the three years of storage under dark conditions at -20ºC; however, this cannot fully rule out that 
some degradation of the iSOA and mSOA tracers did not occur during the years of storage at Cape 




methyltetrols, was recently reported in ice core samples, representing several hundred years of 
atmospheric aerosol deposition.148,149 Results of the analysis were interpreted under the assumption 
that the iSOA tracers were stable over time. Recent work has shown that iSOA is low-volatility in 
nature.165 Further, as will be discussed in subsequent sections, the quantities of the iSOA and 
mSOA tracers are in good agreement with recent marine aerosol composition studies. 
2.4 Results and Discussion 
2.4.1 Isoprene-Derived SOA (iSOA) Tracers 
Figure 2.1, Table 2.1 and Table A1 show iSOA tracers, 2-MG, 2-methylerythritol, and 2-
methylthreitol, were identified in aerosol samples collected from 27 of the 29 seasons (14 summers 
and 15 winters) during 1991-2015. Other well-established iSOA tracers, including the C5-alkene 
triols (cis- and trans-2-methyl-1,3,4-trihydroxy-1-butane as well as 3-methyl-2,3,4-trihydroxy-1-
butene),166 cis- and trans-3-MeTHF-3,4-diols,157 and the 2-methyltetrol sulfate esters,134 were not 
detected in any of the samples, in contrast to continental aerosols such as those from the 
southeastern U.S.160,167,168 The total mass of the three identified iSOA tracers ranged from 0.05 to 
6.75 ng m-3, with a mean of 1.70±1.66 ng m-3. The summed iSOA tracer concentrations were 1-3 
orders of magnitude lower than those typically observed in continental locations influenced by 
high isoprene emissions from deciduous trees and large amounts of acidic sulfate aerosol that 
promote iSOA formation.151,157,160,169–174 The summed iSOA concentrations are comparable to 
results from previous studies of concentrations over the southern Pacific and Indian Oceans from 
September to March,80 and over oceans at low latitudes in the Northern Hemisphere from October 
to March,147 and approximately one order of magnitude higher than in the Canadian High Arctic 




Among the three measured iSOA tracers, the 2-methyltetrols were the most abundant iSOA 
constituents, with 2-methylerythritol being more abundant than 2-methylthreitol (Table 2.1, Figure 
2.1). The ratio of 2-methylerythritol to 2-methylthreitol was approximately 5:2, similar to previous 
oceanic observations.80 2-MG contributed only a small mass fraction (12% on average) to the total 
mass of the iSOA tracers measured during this study. Assuming that the organic aerosol (OA) 
mass measured in the 2002-2003 samples is representative of other years during 1991-2015, Table 
A2 shows a ratio of total identified iSOA tracers to the total PM10 OA mass averaged to 0.40 % 
(up to 0.65%) in summer and 0.07% in winter (see Appendix A for OA estimation). The mass 
fractions are much lower than at continental sites, especially in the summertime southeastern U.S. 
where isoprene emissions combine with anthropogenic-derived acidic sulfate aerosol to yield large 
quantities of these SOA constituents (e.g., ~ 9% of total OA mass at Look Rock, Tennessee).160 
A distinct seasonal variation was observed over the 1991-2015 sampling period (Figure 
2.2), in which the summed mass concentration of iSOA tracers was higher in the austral summers 
than in the austral winters of the same year, with the sole exception being 1997 winter. The 1991-
2015 mean of total iSOA was 2.84±1.66 ng m-3 in summer compared to 0.64±0.66 ng m
-3
 in winter. 
In the 13 years for which both summer and winter samples are available, winter concentrations 
accounted for only 20±17% of the total annual iSOA mass with the exception of four years (1994, 
1997, 1999 and 2014), when winter concentrations contributed relatively larger fractions (32%, 
61%, 41%, 29%, respectively). Such seasonal variations of iSOA tracers have also been observed 
at a number of terrestrial and marine sampling sites, but have typically been limited to a single 
year of sampling.169,171,173,174,176 
No distinct temporal trend over the 1991-2015 sampling period was observed for iSOA 




constant (Figure 2.2 and Table A1). The highest concentrations of the summed iSOA tracers (6.75 
ng m-3) occurred in summer of 1998, possibly a result of the 1997-1998 El Niño–Southern 
Oscillation (ENSO, La Niña phenomenon) that caused a flow of warm water to the equatorial 
western Pacific Ocean and eastern coast of Australia and consequent phytoplankton blooms.177 
However, total iSOA concentrations did not correlate with the Oceanic Niño Index (ONI) during 
the 1991-2015 sampling period. This was not surprising since the La Niña as well as the El Niño 
phenomena influences primarily the equatorial Pacific region, while the Cape Grim site is located 
below the -40° latitude. We are unable to conclude from our dataset how strongly (and by what 
mechanism) the 1997-1998 ENSO event enhanced iSOA levels.    
iSOA tracers typically observed over the continents were not identified in our marine PM10 
samples. For instance, the three isomeric C5-alkene triols were not detected concurrently with the 
2-methyltetrols observed by GC/EI-MS at Cape Grim. This finding is consistent with previous 
oceanic measurements of average levels of C5-alkene triols summed over a worldwide ocean cruise, 
reporting the C5-alkene triols to be less abundant than the 2-methyltetrols and 2-MG.
80 The 
apparent absence of C5-alkene triols in the GC/EI-MS analysis of Cape Grim sample extracts 
suggests that their concentrations were at or below the detection limits of our GC/EI-MS technique. 
In this regard, it is important to note recent work that has demonstrated 2-methyltetrol sulfates (if 
present) decompose during GC/EI-MS analysis to yield the C5-alkene triols,
178 indicating that C5-
alkene triols reported by the GC/EI-MS analytical protocol may be artifacts of the analytical 
procedure. Given this suggestion, the absence of C5-alkene triols in the Cape Grim samples 
analyzed by GC/EI-MS are in accord with the fact that the isomeric 2-methyltetrol sulfate esters 
were not detected by UPLC/ESI-HR-QTOFMS, a sensitive and definitive protocol for detection 




al. did not detect the C5-alkene triol or 2-methyltetrol markers at Amsterdam Island, a pristine 
marine environment in the southern Indian Ocean.179 Our inability to detect C5-alkene triols, 2-
methyltetrol sulfate esters and 2-MG sulfate at Cape Grim over a lengthy period of sampling might 
be explained by: (1) insufficient ambient concentrations due to the low isoprene emission/flux as 
well as low yield relative to 2-MG and 2-methyltetrols; (2) oceanic formation pathways of 2-MG 
and 2-methyltetrol sulfates differing from those over continental locations,160,180 and (3) 
degradation (hydrolysis of isoprene-derived organosulfates181) over long-term storage. Since 
formation of C5-alkene triols has been associated with acidic sulfate aerosol,
157,158 our lack of 
detection may also suggest that the remote marine aerosol collected at Cape Grim is not as acidic 
as continental aerosol.32,160 
Laboratory studies have demonstrated that 2-MG and 2-methyltetrols are formed through 
different chemical pathways from the hydroxyl radical-initiated oxidation and/or ozonolysis of 
isoprene. Specifically, 2-methyltetrols are the major products of isoprene photochemical oxidation 
by OH under conditions of low nitrogen oxide concentrations (low-NOx conditions) via the 
isoprene epoxydiol (IEPOX) pathway.182 Over continental areas, acid-catalyzed multiphase 
reaction of IEPOX on acidic sulfate aerosol yields these iSOA tracers. Over oceanic regions, 2-
methyltetrols may form through IEPOX hydrolysis in non-acidic aqueous inorganic aerosol or 
through cloud processing.183,184 Chamber studies by Kleindienst et al. and Riva et al. have shown 
that isoprene ozonolysis can also yield these iSOA tracers;185,186 however, average seasonal O3 
concentrations at Cape Grim ranged from ~ 35 ppb in winter to ~ 15 ppb in summer (Figure A2) 
and did not correlate with the seasonal trend of iSOA, likely ruling out ozonolysis as a source of 
these iSOA marker compounds. 2-MG is formed predominantly by OH-initiated oxidation of 




methacryloylperoxynitrate (MPAN).158,187 In remote oceans the mixing ratios of NOx are typically 
below 10 pptv within the marine boundary layer,188 and 2-MG, if present, must occur through 
alternative chemical pathways. For example, Kleindienst et al. demonstrated that both 2-MG and 
2-methyletrols could form in the absence of both NOx and acidic sulfate aerosol when isoprene 
was photochemically oxidized during smog chamber studies; however, the exact mechanisms of 
their formations under these conditions remain unclear.189  All in all, under low-NOx conditions, 
OH-initiated oxidation of isoprene could lead to the 2-methyltetrols and 2-MG, the iSOA markers 
we detected, and might explain the absence of their corresponding organosulfates (i.e., 2-
methytetrol and 2-MG sulfates) in remote marine aerosol.  
2.4.2 Monoterpene-Derived SOA (mSOA) Tracers 
Five mSOA tracers (terebic acid, terpenylic acid, DTAA, MBTCA, and pinic acid) are 
summarized in Tables 2.1 and A1 and in Figure 2.1. The mSOA tracers were identified in almost 
all of the 29 seasons. The sum of the five mSOA tracers ranged from 0.03 to 1.11 ng m-3, with an 
average of 0.33±0.30 ng m-3. This is approximately one-fifth of the quantified iSOA tracers, 
probably due to less significant marine sources of monoterpenes compared to isoprene in this 
region.73 
The mSOA tracer concentrations were up to three orders of magnitude lower than those 
measured at many continental sites,169–171,190 but comparable to the oceanic concentrations over 
the Southern Ocean and seas adjacent to the Australian continent ranging from latitudes of 30-
60°S,80 and over oceans at low latitudes in the Northern Hemisphere.147 Unlike iSOA tracers, the 
measured concentrations of mSOA tracers were much lower than those in the Canadian High 





In addition to the five reported mSOA tracers, corresponding ions of additional mSOA 
tracers, such as 3-hydroxyglutaric, 3-hydroxy-4,4-dimethylglutaric and 2-hydroxy-4-
isopropyladipic acids,190 were detected but not quantified because of the lack of authentic 
standards (and lack of appropriate surrogates). Other known mSOA tracers such as 
hydroxyterpenylic acid,191 α-pinene-derived organosufates,134 and dimer esters such as pinyl-
diaterebyl ester (molecular weight (MW) 344), pinyl-diaterpenyl eseter (MW 358), pinonyl-pinyl 
ester (MW 368),60,135,192–194 were also targeted for analysis but were below the detection limit of 
the UPLC/ESI-HR-QTOFMS. 
Similar to the iSOA tracers, an obvious seasonal variation was observed throughout the 
quarter century period of filter collection (Figure 2.2), with higher concentrations of mSOA tracers 
in austral summers than in winters. The seasonal mean concentration of the total mSOA tracers 
was 0.53±0.21 ng m-3 in summer and 0.15±0.09 ng m
-3
 in winter. In the 13 years with both summer 
and winter samples available, winter concentrations accounted for only one fifth (22±7%) of the 
summed mSOA mass. Moreover, the individual and summed iSOA concentration measured by the 
GC/EI-MS and mSOA measured by the UPLC/ESI-HR-QTOFMS agreed well with each other 
over the decades (Tables 2.2 and 2.3), but neither correlated with levoglucosan (Table 2.2). 
Although levoglucosan, a well-known biomass burning tracer, was not correlated with either iSOA 
or mSOA, long-range transport of continental-derived levoglucosan could contribute from time-
to-time to the remote marine OA collected at Cape Grim (See Baseline Report information in 
Appendix A). 
No distinct general trend for the measured mSOA tracers was observed during the entire 




mSOA tracers (1.00 ng m-3) occurred in summer of 1998, which may indicate the same source or 
event leading to phytoplankton blooms and the enhanced formation of mSOA and iSOA tracers. 
In contrast to the iSOA tracers, the relative fractions of the five mSOA tracers did not 
remain constant over time. Of the five reported mSOA tracers, DTAA was the most abundant 
species, followed by terpenylic acid, terebic acid, MBTCA, pinic acid. These five mSOA tracers 
have also been reported by UPLC/ESI-HR-QTOFMS as the most abundant mSOA tracers in 
laboratory-generated α-pinene SOA.135,192 Consistency between the field observations and the 
laboratory studies above, including the relative abundance of the tracers above and absence of 
dimer esters, suggests that these mSOA tracers were primarily produced from OH-initiated 
oxidation over ozonolysis of α-pinene. 
2.4.3 Correlation of iSOA and mSOA with Particle-Phase Bioactivity Indicators 
Phytoplankton chemically fix carbon and release metabolites into sea water and the 
atmosphere, including dimethylsulfide (DMS), isoprene, and monoterpenes.63,71,72,195 DMS is 
oxidized to MSA and isoprene to oxalic acid (through glyoxal, methylglyoxal, and pyruvic 
acid).63,196–198 Studies suggest that aqueous-phase oxidation of marine biota-derived unsaturated 
fatty acids and phenolic compounds also contribute to the presence of oxalic acid in marine 
aerosol.179,199,200 Hence, MSA and oxalic acid are considered to be bioactivity tracers for 
phytoplankton.63,65,154,196 Since isoprene and monoterpenes are co-emitted with DMS by many 
phytoplankton species,76 the iSOA and mSOA tracers might be anticipated to correlate with MSA 
and oxalic acid in the particulate phase.201 Table 2.3 and Figure A3, show the correlation of 
summed iSOA tracers (∑iSOA) with summed mSOA tracers (∑mSOA) and MSA over 29 seasons 




correlated with ∑mSOA (r = 0.74), MSA (r = 0.61) and oxalic acid (r = 0.62), while ∑mSOA is 
somewhat more strongly correlated with MSA (r = 0.75) and oxalic acid (r = 0.81).  
The seasonal variations of ∑iSOA and ∑mSOA were described in Figure 2.2 and tracers 
MSA, oxalic acid, and chlorophyll-a in Figure 2.2. Overall, Figure 2.2 shows a consistent pattern 
of seasonal variations (with the exception of ∑iSOA during 1997-1998). The most pronounced 
pattern is displayed by MSA with all winter concentrations < 10 ng m-3 and all summer 
concentrations >60 ng m-3. The seasonal pattern of oxalic acid was less pronounced than MSA, 
possibly due to more sources of oxalic acid as just described. However, the correlations of oxalic 
acid and MSA with ∑iSOA were almost the same as those with ∑mSOA. Such moderate 
correlations highlight the likely role of phytoplankton as a marine source of the BVOCs (isoprene 
and monoterpenes), indicating that iSOA and mSOA might be formed through the similar 
atmospheric processes to that of other marine biogenic aerosol components (i.e., MSA and oxalic 
acid) originating from phytoplankton. It is noted here that the sodium ion (Na+) concentration 
measured from the Cape Grim aerosol samples had no significant correlation with either the iSOA 
or mSOA tracers (r = -0.30 and -0.29, respectively, and with p-values > 0.05). The lack of 
significant correlation with Na+ aerosol mass concentration further suggests that the measured 
iSOA and mSOA tracers are secondary rather than primary in nature. 
2.4.4 Correlation of iSOA and mSOA with Chlorophyll-a 
As another proxy for phytoplankton activity, integrated chlorophyll-a content was obtained 
over 13 seasons from 2004-2015, corresponding to the same period of filter collection, averaged 
for the region within 30-60°S and 90-150°E (Figure 2.2). This region was selected based on back 
trajectory studies (Appendix A) for suitable timescales (~ 3.8 days) of SOA formation and 




Resolution Imaging Spectroradiometer (MODIS) instrument aboard NASA's Terra and Aqua 
satellites, was retrieved from a NASA Earth Observations’ online resource with high resolution 
(0.1° latitude × 0.1° longitude, monthly or 8-day). The trend of satellite-measured chlorophyll-a 
concentrations (seasonal average = 0.126±0.011 mg m-3) closely matched local measurements 
from 2003-2006 in seawater samples collected offshore at Couta Rocks, approximately 50 km 
south of Cape Grim (Figure A4).  
Chlorophyll-a concentrations exhibited seasonal variation, ranging between 0.075-0.180 
mg m-3 (Figure 2.2), with higher levels in summer than winter, consistent with the ∑iSOA and 
∑mSOA during the same period and in accord with expectation based on activity of phytoplankton 
as a source. This source assignment is supported by a moderate-to-strong correlation with ∑iSOA 
(r = 0.74) and ∑mSOA (r = 0.85) (Table 2.3 and Figure A3) and is consistent with the role of 
phytoplankton emissions as a source of marine isoprene and monoterpenes. As has been suggested 
for MSA, low concentrations of iSOA and mSOA over remote marine locations may contribute to 
cloud condensation nuclei (CCN).202 More work is warranted to investigate to what extent marine 
iSOA and mSOA can serve as CCN; however, laboratory studies by Engelhart et al. demonstrated 
that pure SOA derived from the OH-initiated oxidation of isoprene in the absence of sulfate aerosol 
had similar CCN activation kinetics to pure ammonium sulfate aerosol.203 Furthermore, a recent 
study over the mid-western U.S. reported isoprene-derived organosulfates, which are also known 
iSOA tracers, in cloud water samples.204 Taken together, these prior laboratory and field 
measurements of iSOA indicate that iSOA may contribute (in part) to CCN activity of aerosol. 
2.5 Conclusions 
Since the marine aerosol samples chemically characterized in this study originated over the 




quantitative background levels of marine biogenic SOA over a 25-year period (i.e., 1991-2015). 
Spatial distributions of marine iSOA and mSOA tracers were previously observed at higher 
concentrations over the coastal/tropical regions than the open oceans.147 In the southern mid 
latitudes (30°S-60°S), where Cape Grim is located, iSOA and mSOA were one to two orders of 
magnitude lower than those in the other oceanic regions.80 Our observations indicate that there are 
marine sources of isoprene and monoterpenes derived from phytoplankton activity leading to 
biogenic SOA formation over the open oceans. Although isoprene, monoterpenes, and 
chlorophyll-a were not as abundant at Cape Grim as other coastal and oceanic sites,73 oxidation of 
isoprene and monoterpenes yields measurable seasonal and temporal trends of iSOA and mSOA. 
iSOA and mSOA do not contribute substantial mass to the total OA mass (0.26±0.24%, up to 
0.71%) measured at this site, possibly because PM10 samples were collected instead of submicron 
particles to which iSOA and mSOA mainly contribute.205 Notably, recent Arctic measurements 
have also shown that SOA in that remote marine atmosphere does not have chemical 
characteristics that are typical of continental SOA (i.e., the OA is secondary but arising from a 
different set of precursors than isoprene and monoterpenes);206 specifically, it was shown that SOA 
is required to form in order to fit the aerosol size distributions measured during the Arctic summer 
even though the mean isoprene and monoterpene mixing ratios were 1.5 and 5 pptv, 
respectively.205,207 The latter supports our findings that secondary OA sources other than isoprene 
and monoterpenes exist in the remote marine atmosphere. 
It is noted that the summed mass concentrations of oxalic acid and MSA were ~ 28 times 
higher than the summed concentrations of iSOA and mSOA. Additionally, the sum of iSOA, 
mSOA, oxalic acid, and MSA mass concentrations contributed up to 19.0% of the total OA mass 




Consequently, more work is needed to chemically characterize other OA constituents (e.g., 
saccharides and fatty acids) that additionally contribute to marine aerosol in order to reveal their 
sources. In particular, more information is required to fully understand the OA constituents 
associated with phytoplankton blooms in order to more clearly identify the processes that generate 
OA such as bubble bursting processes and SOA precursors likely derived from the sea surface 
microlayer.207 Preliminary findings obtained from the UPLC/ESI-HR-QTOFMS method operated 
in both negative and positive ion modes revealed the presence of nitrogen (N)-containing organic 
species (Table A3), as indicated by the accurate measured mass. The tentatively identified N-
containing species (as well as CHO and CHOS compounds) may also contribute to the 
uncharacterized OA mass that remains in this study; however, we did not include these preliminary 
findings of the N-containing, CHO, and CHOS compounds because we did not have appropriate 
standards to fully identify their structures as well as accurately quantify their mass concentrations. 
As a result, characterization of these compounds is beyond the scope of the present study. Our 
results provide observations and motivation for future laboratory, field, and modelling studies to 
assess the potential of the marine sources leading to biogenic SOA and OA formation over the 
open oceans. 
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Table 2.1. Summary of isoprene-derived SOA (iSOA) and monoterpene-derived SOA (mSOA) 
tracers (ng m-3) measured by GC/EI-MS and UPLC/DAD-ESI-HR-QTOFMS, respectively, in 


















a n is number of seasons detected (out of total 29 seasons). 
b S.D. is one standard deviation. 
c bdl indicates below detection limit. 
d MBTCA is 3-methyl-1,2,3-butanetricarboxylic acid. 
e DTAA is diaterpenylic acid acetate. 
  
 na mean median min. max. S.D.b 
iSOA tracers      
  2-methylglyceric acid 28 0.20 0.17 bdlc 0.72 0.16 
  2-methylthreitol 28 0.44 0.27 bdl 1.81 0.44 
  2-methylerythritol 29 1.07 0.86 0.05 4.21 1.05 
subtotal  1.70 1.30 0.05 6.75 1.66 
mSOA tracers      
  terebic acid 29 0.08 0.04 0.007 0.32 0.08 
  terpenylic acid 29 0.08 0.07 0.007 0.23 0.07 
  pinic acid 29 0.02 0.01 0.003 0.05 0.01 
  MBTCAd 23 0.03 0.03 bdl 0.15 0.04 
  DTAAe 29 0.11 0.08 0.008 0.36 0.10 




Table 2.2. Pearson correlation coefficients (r) of concentrations (ng m-3) of individual iSOA, 
levoglucosan, and mSOA tracers measured by GC/EI-MS or UPLC/ESI-HR-QTOFMS from 
aerosol samples collected from 29 austral summer and winter seasons from 1991-2015. 
Correlations  
(r) 










Pinic acid MBTCA DTAA 
Levoglu-
cosan 
2-MGa 1.00 0.80 0.81 0.80 0.82 0.43 0.69 0.48 0.21 
2-Methylthreitol  1.00 1.00 0.76 0.58 0.16 0.73 0.47 0.07 
2-Methylerythritol   1.00 0.78 0.60 0.17 0.75 0.47 0.06 
Terebic acid    1.00 0.72 0.34 0.60 0.67 -0.06 
Terpenylic acid     1.00 0.56 0.55 0.64 0.10 
Pinic acid      1.00 -0.05 0.42 -0.02 
MBTCAb       1.00 0.50 0.28 
DTAAc        1.00 0.13 
Levoglucosan         1.00 
 
a 2-MG stands for 2-methylglyceric acid. 
b MBTCA is 3-methyl-1,2,3-butanetricarboxylic acid. 





Table 2.3. Pearson correlation coefficients (r) of concentrations of summed iSOA tracers 
(∑iSOA), summed mSOA tracers (∑mSOA), oxalic acid, methanesulfonic acid (MSA), and 
Chlorophyll-a (Chl-a) determined by GC/EI-MS, UPLC/DAD-ESI-HR-QTOFMS, IC, or satellite, 
respectively, from austral summer and winter seasons from 1991-2015. 
Correlations (r) ∑iSOA ∑mSOA Oxalic MSA Chl-a 
∑iSOA 1.00 0.74 0.62 0.61 0.74 
∑mSOA  1.00 0.81 0.75 0.85 
Oxalic acid   1.00 0.69 0.56 
MSA    1.00 0.83 







Figure 2.1. (A.) Three isoprene-derived SOA tracers (iSOA, in ng m-3) measured by GC/EI-MS; 
(B.) five monoterpene-derived SOA tracers (mSOA, in ng m-3) measured by UPLC/ESI-HR-
QTOFMS in the 29 selected seasons from 1991-2015. The stacked bars on the right side within 
each year, if available, represent the austral winters (mid-Jun. – mid-Aug.) of that year, and are 






Figure 2.2. Seasonal and temporal trends of: (A.) summed isoprene-derived SOA (iSOA) and 
monoterpene-derived SOA (mSOA) tracers; and (B.) methanesulfonic acid (MSA), oxalic acid, 







CHAPTER 3: DEVELOPMENT OF A HYDROPHILIC INTERACTION LIQUID 
CHROMATOGRAPHY METHOD FOR THE CHEMICAL CHARACTERIZATION OF 
ISOPRENE EPOXYDIOL-DERIVED SECONDARY ORGANIC AEROSOL2 
 
3.1 Overview 
Acid-catalyzed multiphase chemistry of isoprene epoxydiols (IEPOX) on sulfate aerosol 
produces substantial amounts of water-soluble secondary organic aerosol (SOA) constituents, 
including 2-methyltetrols, methyltetrol sulfates, and oligomers thereof in atmospheric fine 
particulate matter (PM2.5). These constituents have commonly been measured by gas 
chromatography interfaced to electron ionization mass spectrometry (GC/EI-MS) with prior 
derivatization or by reverse-phase liquid chromatography interfaced to electrospray ionization 
high-resolution mass spectrometry (RPLC/ESI-HR-MS). However, both techniques have 
limitations in explicitly resolving and quantifying polar SOA constituents due either to thermal 
degradation or poor separation. With authentic 2-methyltetrol and methyltetrol sulfate standards 
synthesized in-house, we developed a hydrophilic interaction liquid chromatography (HILIC)/ESI-
HR-quadrupole time-of-flight mass spectrometry (QTOFMS) protocol that can 
chromatographically resolve and accurately measure the major IEPOX-derived SOA constituents 
in both laboratory-generated SOA and atmospheric PM2.5. 2-Methyltetrols were simultaneously 
                                               
 
2 This chapter is reproduced by permission from “Development of a Hydrophilic Interaction Liquid Chromatography 
(HILIC) Method for the Chemical Characterization of Water-Soluble Isoprene Epoxydiol (IEPOX)-Derived 
Secondary Organic Aerosol” by Cui, T.; Zeng, Z.; dos Santos, E. O.; Zhang, Z.; Chen, Y.; Zhang, Y.; Rose, C. A.; 
Budisulistiorini, S. H.; Collins, L. B.; Bodnar, W. M.; de Souza, R. A. F.; Martin, S. T.; Machado, C. M. D.; Turpin, 
B. J.; Gold, A.; Ault, A. P. and J. D. Surratt, Environ. Sci. Process. Impacts, 2018, 20 (11), 1524–1536. Copyright 




resolved along with 4-6 diastereomers of methyltetrol sulfate, allowing efficient quantification of 
both major classes of SOA constituents by a single non-thermal analytical method. The sum of 2-
methyltetrols and methyltetrol sulfates accounted for approximately 92%, 62%, and 21% of the 
laboratory-generated β-IEPOX aerosol mass, laboratory-generated δ-IEPOX aerosol mass, and 
organic aerosol mass in the southeastern U.S., respectively, where the mass concentration of 
methyltetrol sulfates were 171-271% the mass concentration of methyltetrol. Mass concentrations 
of methyltetrol sulfates were 0.39 and 2.33 µg m-3 in a PM2.5 sample collected from central 
Amazonia and the southeastern U.S., respectively. The improved resolution clearly reveals 
isomeric patterns specific to methyltetrol sulfates from acid-catalyzed multiphase chemistry of β- 
and δ-IEPOX. We also demonstrate that conventional GC/EI-MS analyses overestimate 2-
methyltetrols by up to 188%, resulting (in part) from the thermal degradation of methyltetrol 
sulfates. Lastly, C5-alkene triols and 3-methyltetrahydrofuran-3,4-diols are found to be largely 
GC/EI-MS artifacts formed from thermal degradation of 2-methyltetrol sulfates and 3-methyletrol 
sulfates, respectively, and are not detected with HILIC/ESI-HR-QTOFMS. 
3.2 Introduction 
Atmospheric fine particulate matter (PM2.5, aerosol particles with aerodynamic diameters 
≤ 2.5 µm) adversely affects air quality. High concentrations of PM2.5 can lead to degradation of 
outdoor visibility208 and adversely affect human health through cardiovascular and respiratory 
diseases.209 Moreover, atmospheric PM2.5 plays a critical role in climate change through both direct 
and indirect mechanisms.210 Organic aerosol (OA) constituents are recognized to contribute a 
substantial fraction of PM2.5 mass from urban to remote regions around the world.
211 OA is further 
characterized into primary organic aerosol (POA) and secondary organic aerosol (SOA). POA is 




cooking, while SOA is formed from the atmospheric oxidation of volatile organic compounds 
(VOCs) emitted by both anthropogenic and natural sources. Specifically, low volatility oxidation 
products from VOCs either nucleate or condense onto existing particles and undergo multiphase 
chemistry to form SOA, which is estimated to contribute 70-90% of OA mass found within 
PM2.5.
212 
Isoprene is the most abundant non-methane hydrocarbon emitted into Earth’s atmosphere 
and is derived largely from deciduous trees.25 The atmospheric oxidation of isoprene plays an 
important role in both tropospheric ozone (O3) and SOA formation in forested regions affected by 
anthropogenic activities.26–33 The hydroxyl radical-initiated oxidation of isoprene during the 
daytime under low-nitric oxide (NO) conditions produces substantial amounts of isoprene 
epoxydiols (IEPOX) (~50% yield).34,35 The acid-catalyzed multiphase chemistry (reactive uptake) 
of IEPOX onto anthropogenic sulfate particles has been shown to produce SOA constituents 
including 2-methyltetrols,28,29,36,37 C5-alkene triols,
28,29,36,37 3-methyltetrahydrofuran-3,4-diols (3-
MeTHF-3,4-diols),29 organosulfates,29,37–39 and oligomers.29,37,40 Studies have also pointed out that 
the mixed effects of sulfate (e.g., aerosol acidity, nucleophile, surface area, and salting-in) play a 
critical role in forming atmospheric IEPOX-derived SOA.30,38,41–43 
Protocols for chemical characterization of IEPOX-derived SOA C5 tracers, including the 
2-methyltetrols, C5-alkene triols, and 3-MeTHF-3,4-diols, have generally employed gas 
chromatography interfaced to electron ionization mass spectrometry (GC/EI-MS) with prior 
trimethylsilylation.28,29,36–38,129 These tracer species have been widely used to investigate SOA 
formation mechanisms, derive kinetic parameters, and evaluate model performance of IEPOX-
derived SOA.29,36,139,140 However, volatility and composition analysis by a Filter Inlet for Gases 




with iodide reagent ion chemistry demonstrated that IEPOX-derived SOA has lower volatility than 
predicted from the concentrations of commonly reported IEPOX SOA C5 tracers, in particular the 
2-methyltetrols, C5-alkene triols and 3-MeTHF-3,4-diols, and therefore thermal decomposition of 
accretion products (oligomers) or other low volatility organics such as organosulfates may 
contribute significantly to tracers.141 A second set of studies using FIGAERO-CIMS or semi-
volatile thermal desorption aerosol gas chromatogram (SV-TAG) instrumentation with online 
derivatization reached similar conclusions on the impact of thermal decomposition.142–145 Different 
protocols, based on ultra-performance liquid chromatography interfaced to high-resolution tandem 
mass spectrometry with electrospray ionization (UPLC/ESI-HR-MSn), have been used to 
characterize organosulfates and oligomers. However, separation of polar, water-soluble 
components is conventionally attempted with reverse-phase liquid chromatography (RPLC) 
columns.28,29,38,146 RPLC columns do not resolve such compounds well because of either extremely 
short retention times (RTs), poor peak shapes, or ion suppression effects due to co-eluting 
inorganic aerosol constituents, leading to potential complications in identifying and quantifying 
target compounds. The IEPOX-derived polyols are hydrophilic compounds owing to their 
hydroxyl functional groups, and the organosulfates are ionic polar compounds.141,146 Hence, an 
alternative approach for the IEPOX-derived SOA characterization that could accomplish 
simultaneous analysis of polar and water-soluble components while avoiding the drawbacks 
associated with current analytical methods would be highly desirable. 
Hydrophilic interaction liquid chromatography (HILIC) is as an alternative LC method to 
RPLC to separate hydrophilic (i.e., water-soluble) compounds, including peptides and nucleic 
acids213 and has recently been reported to separate water-soluble organosulfates with excellent 




of silanol groups, or silica chemically bonded to polar groups, such as amino, amide, cyano, 
carbamate, diol, polyol, or zwitterionic sulfobetaine groups.217 A HILIC column separates analytes 
by forming a water-rich layer, which is partially immobilized around the hydrophilic ligands on 
the stationary phase. Analytes can undergo partitioning between the bulk organic eluents and the 
water-rich layer to separate based on different levels of retention.218 Although retention order on 
HILIC columns is similar to that on normal phase liquid chromatography (NPLC) columns, HILIC 
utilizes more polar mobile phases (e.g., acetonitrile (ACN) and Milli-Q water) than the NPLC so 
that the HILIC method is compatible for interfacing with ESI-MS sources.219 ESI is a soft 
ionization detection method not involving sample heating or derivatization and is appropriate for 
detection of polar C5 tracers, and oligomers as well as water-soluble organosulfates. Based on the 
demonstrated success of HILIC in the chemical characterization of organosulfates from 
synthesized standards and field samples,214–216 we undertook development of a HILIC/ESI-HR-
quadrupole time-of-flight mass spectrometry (HILIC/ESI-HR-QTOFMS) method for the 
simultaneous separation, characterization, and quantitation of water-soluble IEPOX-derived SOA 
constituents from laboratory-generated β-IEPOX and δ-IEPOX SOA as well as PM2.5 collected 
from the southeastern U.S. at Look Rock, Tennessee (TN), during the Southern Oxidant and 
Aerosol Study (SOAS) in 2013 and central Amazonia at Manaus, Brazil in 2016. The HILIC/ESI-
HR-QTOFMS protocol developed here can resolve IEPOX-derived 2-methyltetrols, methyltetrol 
sulfates and oligomers thereof, allowing unambiguous identification and quantification. Current 
atmospheric models explicitly simulate SOA from the acid-catalyzed multiphase chemistry of 
IEPOX (i.e., the formation of 2-methyltetrols and methyltetrol sulfates),140,220–222 and the accurate 
quantification of the 2-methyltetrols and the derived organosulfates will increase confidence in 




quantification of organosulfates will additionally provide much needed data for establishing 
carbon and sulfur mass closure (or mass balance) in IEPOX-derived SOA measured or predicted 
during future lab and field studies. 
3.3 Experimental Section 
3.3.1 Synthesized Chemicals 
3.3.1.1 Trans-β- and δ-IEPOX 
Racemic trans-β-IEPOX (trans-2-methyl-2,3-epoxybutane-1,4-diol) and δ-IEPOX (3-
methyl-3,4-epoxy-1,2-butanediol) were synthesized in-house according to published 
methods.223,224 
3.3.1.2 IEPOX-Derived SOA Standards: 2-methyltetrols, 2-methyltetrol sulfates, and 3-
methyltetrol sulfates 
Diastereomeric mixtures of racemic 2-methyltetrols (racemic 2-methylerythritol and 2-
methylthreitol, MW = 136 g mol-1) were synthesized by acid hydrolysis of δ-IEPOX according to 
the procedure described in Bondy et al.223 A diastereomeric mixture of racemic 2-methyltetrol 
sulfates ((2R,3S)/((2S,3R)- and (2S,3S)/(2R,3R)-1,3,4-trihydroxy-2-methylbutan-2-yl sulfates, 
MW = 216 g mol-1; Table 1) was synthesized from 2-methyltetrol. Briefly, the primary and 
secondary hydroxyl groups of 2-methyltetrol were protected by acetylation with acetic anhydride. 
The acetylated product was purified by column chromatography on SiO2, eluted with ethyl acetate 
and then sulfated by a published procedure.225 The protecting acetyl groups were then removed by 
treatment with ammonia to afford the expected diastereomeric 2-methyltetrol sulfates. The purity 
of the 2-methyltetrol sulfates was determined by proton nuclear magnetic resonance (1H NMR) 
spectroscopy analysis to be > 99 % (Figure B1, in Appendix B). The diastereomeric 3-methyltetrol 




MW = 216 g mol-1; Table 1) were prepared from δ-IEPOX by a procedure described in Bondy et 
al.223 Briefly, to an ice-cold solution of δ-IEPOX in ACN, Bu4NHSO4 and a small amount of 
potassium bisulfate were added and the reaction allowed to warm to room temperature and stirred 
overnight. The resulting mixture of sulfate esters was purified on a Dowex 50W x 4-100 ion 
exchange column. The final product contained 95.5% 3-methyltetrol sulfates by 1H NMR analysis. 
3.3.2 HILIC/ESI-HR-QTOFMS Method  
An Agilent 6520 Series Accurate Mass Q-TOFMS instrument interfaced to an Agilent 
1200 Series UHPLC system, equipped with an ESI source operated in the negative (-) ion mode, 
was used to chemically characterize IEPOX-derived SOA standards, as well as lab and field 
samples. Optimum ESI conditions were: 3500 V capillary voltage, 130 V fragmentor voltage, 65 
V skimmer voltage, 300 ºC gas temperature, 10 L min-1 drying gas flow rate, 35 psig nebulizer, 25 
psig reference nebulizer. ESI-QTOFMS mass spectra were recorded from mass-to-charge ratio 
(m/z) 60 to 1000. HILIC separations were carried out using a Waters ACQUITY UPLC BEH 
Amide column (2.1×100 mm, 1.7 µm particle size, Waters) at 35 ºC. The mobile phases consisted 
of eluent (A) 0.1% ammonium acetate in water, and eluent (B) 0.1% ammonium acetate in a 95:5 
(v/v/) ACN (HPLC Grade, 99.9%, Fisher Scientific)/Milli-Q water. Both eluents were adjusted to 
a pH of ~9.0 with NH4OH.
215 The gradient elution program was eluent A, 0% for 4 min, increasing 
to 15% from 4 to 20 min, constant at 15% between 4 and 24 min, decreasing to 0% from 24 to 25 
min, and constant at 0% from 25 to 30 min. The flow rate and sample injection volume were 0.3 
mL min−1 and 5 µL, respectively. Data were acquired and analyzed by Mass Hunter Version 
B.06.00 Build 6.0.633.0 software (Agilent Technologies). At the beginning of each analysis 
period, the mass spectrometer was calibrated using a commercially available ESI-L low-mass 




Instrument mass axis calibration was conducted in the low-mass range (m/z 50-1700). Seven 
masses were used for calibration: m/z 68.9958, 112.9856, 301.9981, 601.9790, 1033.9881, 
1333.9689, and 1633.9498. The adduct of hexakis (1H,1H,3H-tetrafluoropropoxy) phosphazene + 
acetate (m/z 980.0164), purine (m/z 119.0363), and leucine enkephalin (m/z 554.2620) were 
continuously infused for real-time mass axis correction. The mass resolution of the ESI-HR-
QTOFMS was approximately 8,000-12,300 from m/z 113-1600. 
For comparison purposes, RPLC separations (Waters ACQUITY UPLC HSS T3 C18 
column, 2.1×100 mm, 1.8 µm particle size) were also conducted on selected samples that were 
analyzed by HILIC, where pure methanol (99.9%, Fisher Chemical) was used as the mobile phase 
(B) and standards and samples were prepared in 50:50 Milli-Q water/methanol. The detailed 
operating procedures for RPLC separations have been described elsewhere.226 In addition, GC/EI-
MS analysis with prior derivatization was performed following the procedures described 
previously.29,37 In brief, a diluted aliquot of each filter extract was dried and trimethylsilylated by 
reaction with 200 μL of BSTFA + TMCS (N,O-bis (trimethylsilyl) trifluoroacetamide + 
trimethylchlorosilane, 99:1, Supelco) and 100 μL of pyridine (anhydrous, 99.8%, Sigma-Aldrich). 
The reaction mixture was heated at 70 ℃ for 1 h and analyzed on a Hewlett-Packard (HP) 5890 
Series II gas chromatograph coupled to a HP 5971A mass selective detector with an Econo-Cap-
EC-5 capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) within 24 h. The 65-min 
temperature program of the GC initiated at 60 ℃ for 1 min, and then rose with a temperature ramp 
of 3 ℃ min-1 to 200 ℃ and isothermally held for 2 min, followed by another temperature ramp of 
20 ℃ min-1 to 310 ℃ and isothermally held for 10 min. The temperatures of both the GC inlet and 




3.3.3 Laboratory-Generated SOA from β- and δ-IEPOX 
SOA from acid-catalyzed reactive uptake of trans-β-IEPOX or δ-IEPOX was generated in 
the 10-m3 indoor environmental smog chamber at the University of North Carolina as described 
previously.29,42 Briefly, experiments were carried out under dark and wet conditions (50-55%, RH) 
at 295±1 K. Prior to each experiment, the chamber was flushed continuously with clean air for ~24 
hours corresponding to a minimum of seven chamber volumes until the particle mass concentration 
was < 0.01 μg m-3 to ensure that there were no pre-existing aerosol particles. Chamber flushing 
also reduced VOC concentrations below the detection limit (~75 ppt for IEPOX) of an iodide-
adduct high-resolution time-of-flight chemical ionization mass spectrometer (HR-TOF-CIMS). 
Operating details of the HR-TOF-CIMS have been previously described.42 Temperature and RH 
in the chamber were continuously monitored using a dew point meter (Omega Engineering Inc., 
Norwalk, CT). Acidic (NH4)2SO4 seed aerosol was injected into the pre-humidified chamber using 
a custom-built atomizer with an aqueous solution of 0.06 M (NH4)2SO4 and 0.06 M H2SO4 until 
the desired total aerosol volume concentration (~75 μm3 cm-3) was achieved. After seed injection, 
the chamber was left static for at least 30 min to ensure that the seed aerosol was stable and 
uniformly mixed. Then, 30 mg of trans-β- or δ-IEPOX was injected into the chamber at 2 L min−1 
for 10 min and then 4 L min-1 for 50 min by passing high-purity nitrogen gas through a heated 
manifold (60 ℃) containing an ethyl acetate solution of one of the IEPOX isomers described in 
section 2.1.1. 
On completion of IEPOX injection, a filter sample was collected for the subsequent offline 
analysis using HILIC (or RPLC)/ESI-HR-QTOFMS. Aerosols were collected onto a 47 mm Teflon 
filter (0.2 µm, Pall Scientific) in a stainless-steel filter holder for 30 min at a flow rate of 13.2 L 




experiment were stored in a 20 mL scintillation vial at -20 ℃ prior to extraction and analysis. In 
addition to the filter sampling, SOA generated from the reactive uptake of IEPOX was collected 
using a particle-into-liquid sampler (PILS, Model 4001, Brechtel Manufacturing Inc., Hayward, 
CA - BMI) system at the end of each experiment. The aerosols were sampled through an organic 
vapor denuder (Sunset Laboratory Inc.) and a 2.5-µm size-cut pre-impactor at a flow rate of ~12.5 
L min-1. The sample air flow was then mixed adiabatically with a steam flow heated at 98.5-100 
℃ in the PILS condensation chamber to produce high supersaturation of water vapor that grow 
particles to collectable sizes for collection onto a quartz impactor plate by inertial impaction. 
Impacted droplets were transferred by a wash-flow at ~0.55 mL min-1 through a debubbler and the 
resulting bubble-free sample liquid was delivered through a tubing with an inline filter into 2-mL 
poly vials held on an auto-collector (BMI) with a rotating carousel. Air sampling rate and wash-
flow rate were examined and recorded before and after each experiment. Milli-Q water used in the 
wash-flow was spiked with 25 µM lithium bromide (LiBr, Sigma-Aldrich, 99.5%) as an internal 
standard to correct for dilution caused by condensation of water vapor during droplet collection. 
The dilution factor was typically from 1.1-1.2. The PILS vials were promptly stored under dark 
conditions at 2 ºC upon collection until analysis. Chamber aerosol number distributions, which 
were subsequently converted to total aerosol surface area and volume concentrations, were 
monitored by a scanning electrical mobility system (SEMS v5.0, BMI) containing a differential 
mobility analyzer (DMA, BMI) coupled to a mixing condensation particle counter (MCPC, Model 
1710, BMI), in order to estimate the total aerosol mass. Summary of the experimental conditions 




3.3.4 Field Sample Collection of PM2.5  
3.3.4.1 Look Rock, Tennessee, Southeastern U.S. 
Quartz filter samples of PM2.5 were collected at a field site (Look Rock, TN, USA) during 
the Southern Oxidant and Aerosol Study (SOAS) campaign in summer 2013 by a previously 
described procedure.31 The filters were stored in the dark in a -20 ℃ walk-in freezer until chemical 
analysis. The sample selected for re-analysis was collected for three hours (16:00-19:00 local time) 
when one of the highest isoprene-derived SOA concentrations was measured during the 
campaign.31,32  
3.3.4.2 Manaus, Brazil, Central Amazonia 
PM2.5 samples were collected from November 28 - December 1 (transition of dry-to-wet 
season), 2016 on pre-baked Tissuquartz Filters (Whatman, 20 cm × 25 cm) using a high-volume 
PM2.5 sampler (ENERGÉTICA with PM2.5 Size Selective Inlet) located in the School of 
Technology of the Amazonas State University in Manaus, Brazil, near a major road. The high-
volume PM2.5 sampler was located 6 m above the ground and was equipped with a cyclone 
operated at 1.13 m3 min-1. Sampler was flow calibrated and the filter holder was cleaned with the 
filter extraction solvent (95:5 ACN/Milli-Q water for HILIC or methanol for RPLC) each day 
before sampling to ensure no carryover between samples. All filters were pre-baked for 12 h at 
550 ℃ and all samples were collected for 24 h. PM2.5 mass was determined by weighing filters 
before and after sampling (at 21±2 ℃, under < 50% RH). Filters were stored at -18 ºC in the dark 
until analysis. Similar to the sample selected from Look Rock, one sample (i.e., November 30, 
2016) selected for re-analysis had the highest loading of PM2.5 and IEPOX-derived SOA tracers 




3.3.5 Sample Preparation for Offline Analyses 
3.3.5.1 2-Methyltetrol and Methyltetrol Sulfate Standards 
The 2-methyltetrol, 2-methyltetrol sulfate and 3-methyltetrol sulfate standards were stored 
at -20 ℃ until use. The standards were dissolved in a 2 mg mL-1 Milli-Q water solution, and then 
serially diluted immediately with 95:5 (v/v) ACN/Milli-Q water to 50, 10, 1, 0.25, 0.1, 0.025, and 
0.01 μg mL-1 standards. The diluted standards were kept at 4 ℃ and analyzed within 24 h of 
preparation with the laboratory and field samples described below.  
3.3.5.2 Laboratory-Generated IEPOX SOA Samples 
Blank and sample filters of SOA generated from trans--IEPOX and δ-IEPOX were 
immersed in 22 mL of methanol and first extracted for 23 min by ultra-sonication, the water bath 
replaced with cool water, and then extracted again for 22 min. This was done to ensure the water 
bath inside the sonicator did not get too warm (from 25-30 ℃, measured by a thermometer). The 
extracts were filtered through polypropylene membrane syringe filters and the solvent was 
evaporated under a gentle stream of nitrogen gas. Half of the dried methanol extracts were 
reconstituted with 150 µL of 95:5 (v/v) ACN/Milli-Q water and then diluted by a factor of 100 or 
50, respectively for the -IEPOX- and δ-IEPOX-derived SOA samples, in order to prepare the 
methyltetrol sulfates in the linear range of the calibration curves. The concentrations of the 
methyltetrol sulfates in the 150 µL reconstituted solutions were not saturated and calculated later 
to be 360-410 μg mL-1, which were much lower than the solubility of the methyltetrol sulfates that 
were determined to be at least 2500 μg mL-1; specifically, maximum solubility was determined by 
dissolving 25 mg of the methyltetrol sulfate standards in 10 mL of 95:5 (v/v) ACN/Milli-Q water. 
The aqueous PILS samples collected for the laboratory-generated IEPOX SOA near the end of the 




ACN/Milli-Q water, and promptly analyzed using the HILIC/ESI-HR-QTOFMS method without 
any further pretreatment.  
3.3.5.3 Field Samples 
A 37-mm-diameter punch from the quartz filter from Look Rock along with a lab blank 
filter were extracted as described above. Half of the Look Rock PM2.5 extract was reconstituted 
with 150 µL of 95:5 (v/v) ACN/Milli-Q water and then diluted by a factor of 20. 
Similarly, a 47-mm diameter punch from the selected quartz filter from Manaus, Brazil, as 
well as a lab blank filter, was extracted as described above. The residues were reconstituted in 1 
mL methanol and a 0.3 mL aliquot was dried and reconstituted in 150 µL of 95:5 (v/v) ACN/Milli-
Q water, and then diluted by a factor of 30 for analysis by HILIC/ESI-HR-QTOFMS. 
3.4 Results and Discussion 
3.4.1 Separation of Standards: 2-Methyltetrols, 2- and 3-Methyltetrol Sulfates 
The synthesized standards of 2-methyltetrols, 2- and 3-methyltetrol sulfates (Section 2.1.2) 
were analyzed by both RPLC and HILIC columns coupled to the ESI-HR-QTOFMS. As shown in 
the extracted ion chromatograms (EICs at m/z 215.023 ± 0.01) in Figure 3.1, both 2- and 3-
methyltetrol sulfate standards co-elute from the RPLC column as one peak at 1.5 min (Figure 3.1, 
a1-a2). By contrast, the HILIC protocol resolved the 2-methyltetrol sulfate diastereomers at RTs 
of 4.2 and 5.2 min. (Figure 3.1-b1 and B2). The unambiguous synthetic route allows assignment 
of the diastereomers as the tertiary sulfates. Two additional trace peaks at RTs of 2.1 and 2.6 min 
are also resolved and assigned to the secondary methyltetrol sulfate diastereomers 
((2R,3S)/(2S,3R)- and (2S,3S)/(2R,3R)-1,3,4-trihydroxy-3-methylbutan-2-yl sulfates) present as a 
trace impurity (< 1%). The standard derived from hydrolysis of δ-IEPOX shows the predominant 




3.2-a1 and B2). A small quantity of the diastereomers at RTs of 2.1 and 2.6 min assigned to the 
secondary sulfates (~1.2 %) is resolved, and the tertiary sulfates at 4.2 and 5.2 min are also present 
in a small amount (~6.7%) (Figure 3.1-b2 and B2). These results are in line with the resolution of 
diastereomers of methyltetrol sulfates observed in ambient aerosol by Hettiyadura et al. using 
similar HILIC techniques; however, structural assignments in this past study were tentative and 
not based on unambiguous synthetic routes.215,216 The secondary sulfate diastereomers in the 
HILIC trace of the standard derived by hydrolysis of δ-IEPOX are reasonably explained by a small 
yield of the less favored secondary hydrolysis product. The presence of 2-methyltetrol sulfates 
(tertiary sulfates) is surprising and will be discussed in more detail below in relation to the analysis 
of δ-IEPOX-derived SOA. 
Comparison of the total ion chromatograms (TICs) acquired by RPLC and HILIC from an 
IEPOX-derived SOA in Figure B3, along with Figure 3.1, unequivocally demonstrates the 
superiority of HILIC for resolving the multiple diastereomeric components of SOA, especially 
organosulfates derived from IEPOX.  
Figure 3.2-a1 shows that the deprotonated 2-methyltetrol diastereomers (racemic 2-
methylerythritol and 2-methylthreitol) eluted at an identical RT of 4.0 min using the HILIC 
column. By contrast, GC/EI-MS analysis with prior derivatization is able to separate the 2-
methyletrol diastereomers.28,29,37 However, HILIC protocol is able to resolve diastereomers of 2- 
and 3-methyltetrol sulfates not resolvable by either GC/EI-MS or RPLC. Importantly, the 2-
methyltetrols were simultaneously detected and resolved along with the methyltetrol sulfates. To 
our knowledge, this HILIC/ESI-HR-QTOFMS method presents the first time that the major 




sulfates, have been chromatographically resolved and characterized by a single mass spectrometric 
technique operated with one column and ionization mode.  
The linear dynamic range for the 2-methyltetrols was 0.01-25 µg mL-1 with a limit of 
detection (LOD) of 7.74 μg L-1 and a limit of quantification (LOQ) of 25.8 μg L-1 (Table 1). The 
linear dynamic range of 2-methyltetrol sulfates was 0.01-10 μg mL-1, with an LOD of 1.72 μg L-1 
and an LOQ of 5.75 μg L-1. The linear dynamic range of 3-methyltetrol sulfates was 0.01-25 μg 
mL-1, with an LOD of 3.83 μg L-1 and an LOQ of 12.8 μg L-1. Coefficients of determination (R2) 
values of the calibration curves ranged from 0.9994-1.0000. The linear dynamic ranges of the 
organosulfates in this study are broader than those reported by Hettiyadura et al., which ranged 
from 0.025-0.5 μg mL-1.215 The high R2 and low LOQ values suggest the high performance of 
HILIC method is the most effective procedure for quantification of organosulfates in IEPOX-
derived SOA.   
3.4.2 Identification of 2-Methyltetrols and Methyltetrol Sulfates in Laboratory-Generated SOA 
and Ambient PM2.5 Samples 
Authentic 2-methyltetrol, 2- and 3-methyltetrol sulfate standards were used to identify and 
quantify the corresponding SOA tracers. Figure 3.2 (a1-a5) compares the EICs at m/z 135.066, 
which correspond to the deprotonated 2-methyltetrols resolved on the HILIC column, from the 10 
µg mL-1 standards of authentic 2-methyltetrols, aerosol filter extracts of laboratory-generated SOA 
derived from trans-β-IEPOX and δ-IPEOX, PM2.5 samples from the Look Rock field site during 
2013 SOAS campaign and from Manaus, Brazil in November 2016. The chromatographic peak at 
4.0 min corresponding to the 2-methyltetrols were observed in all samples as the predominant 
peak, which demonstrates that HILIC/ESI-HR-QTOFMS can unequivocally identify the 2-




Figure 3.2 (b1-b5) compares the EICs at m/z 215.023 of 10 μg mL-1 standards of authentic 
2- and 3-methyltetrol sulfates, filter samples of laboratory-generated SOA derived from trans-β-
IEPOX and δ-IEPOX, PM2.5 samples collected from Look Rock during the 2013 SOAS campaign 
and from Manaus, Brazil in November 2016, respectively. The predominant primary sulfate 
diastereomers at RTs of 8.0 and 8.3 min in the 10 μg mL-1 3-methyltetrol sulfate standard (Figure 
3.2-b1, solid line) are present as abundant components of the laboratory-generated δ-IEPOX SOA 
(Figure 3.2-b3) and as expected, were absent from the 10 μg mL-1 standard of the 2-methyltetrol 
sulfate (Figure 3.2-b1, dashed line), and the laboratory-generated trans-β-IEPOX SOA (Figure 
3.2-b2), confirming their origin as the acid-catalyzed multiphase chemistry of δ-IEPOX. In 
addition, the diastereomeric peaks at RTs of 4.2 and 5.2 min were unexpectedly present in Figure 
3.2-b3 as major SOA products from δ-IEPOX. This diastereomeric pair can be unequivocally 
assigned as the tertiary sulfates, which cannot be generated from δ-IEPOX without isomerization. 
Hence the trace in Figure 3.2-b3 indicates importance of isomerization on reactive uptake of δ-
IEPOX.29 Furthermore, Figure 3.2-b2 shows only a single significant product eluting at 5.2 min, 
indicating the presence of a single pair of enantiomer products. This peak is therefore indicative 
of trans-β-IEPOX as the source, but surprisingly requires that substitution at the tertiary carbon 
proceeds either with complete retention or complete inversion of optical configuration. Since the 
expected SN1 substitution mechanism generally results in epimerization of asymmetric centers (i.e. 
diastereomeric products would be expected), the substitution is either extremely rapid or involves 
an SN2 mechanism. Such observations will be helpful in studies to determine the origin and 
formation pathway of ambient methyltetrol sulfates. Full scan mass spectra of selected 




The 2- and 3-methyltetrol sulfates derived from β- and/or δ-IEPOX were present in ambient 
PM2.5 SOA collected at the Look Rock and Manaus field sites (Figure 3.2, b4-b5). The two 
diastereomers arising uniquely from δ-IEPOX (8.0, 8.3 min), and predominant in the 3-
methyltetrol sulfate standard, were barely detected in the ambient aerosol samples. This 
observation supports (cis- or trans-) β-IEPOX as the predominant ambient IEPOX isomer, 
accounting for 97% of total ambient IEPOX,35 which corroborates results based on ESI-ion 
mobility spectrometry (IMS)-HR-TOFMS as reported by Krechmer et al.227 for the PM2.5 collected 
from the Look Rock site during the 2013 SOAS campaign. Hence, the methyltetrol sulfate 
diastereomers at 2.1, 2.6, 4.2, 5.2 min support β-IEPOX isomers as the major contributor to the 
PM2.5 collected at both of the Look Rock and Manaus field sites, which demonstrates the advantage 
of HILIC/ESI-HR-QTOFMS in differentiation of isomers and apportionment of reaction 
pathways.29,31,37 
3.4.3 Quantification of 2-Methyltetrols and Methyltetrol Sulfates in Laboratory-Generated SOA 
and Ambient PM2.5 Samples 
Concentrations of the 2-methyltetrols and methyltetrol sulfates in the laboratory-generated 
SOA collected by PILS and ambient PM2.5 filters were quantified by HILIC/ESI-HR-QTOFMS 
and are summarized in Table 2. For the 2- and 3-methyltetrol sulfates, integrated areas of the 4-6 
chromatographic peaks were summed to derive an overall response. As a result, the response factor 
(defined as the ratio of peak area to concentration) of the 2-methyltetrol sulfate standard was ~50% 
greater than that of the 3-methyltetrol sulfate standard. PILS sampling was chosen for better mass 
closures and to avoid uncertainties due to filter sampling artifacts and additional pretreatment 
procedures. Methyltetrol sulfates were quantified by an authentic 2-methyltetrol sulfate standard 




predominant in the standard and the PM2.5 samples, except that authentic 3-methyltetrol sulfate 
was used as a standard to quantify methyltetrol sulfate in laboratory-generated SOA from δ-
IEPOX. The percentage of 2-methyltetrols and methyltetrol sulfates in total aerosol mass is also 
shown in Table 2, calculated by dividing the mass concentration of each compound by the total 
aerosol mass obtained from SEMS-MCPC, assuming a particle density of 1.42 g cm-3 for β-IEPOX 
SOA or 1.55 g cm-3 for δ-IEPOX SOA (see Appendix B for details). The analytical uncertainty in 
the quantification was determined to be up to ~14.1% (Appendix B). As shown in Table 3.2, the 
concentration of the 2-methyltetrols in laboratory-generated trans-β-IEPOX-derived SOA was 
63.98 μg m-3 (33.9% of total particle mass) and the concentration of methyltetrol sulfates was 
109.67 μg m-3 (58.2% of total particle mass). In the laboratory-generated SOA from δ-IEPOX, the 
concentration of the 2-methyltetrols 29.49 μg m-3 (19.6% of total aerosol mass) and methyltetrol 
sulfates was 62.98 μg m-3 (41.9% of total aerosol mass). Together, the two IEPOX-derived SOA 
tracers contributed 92.1±13.0% of the total aerosol mass from β-IEPOX and 61.5±8.7% of the total 
aerosol mass from δ-IEPOX (Table 2). The methyltetrol sulfates account for approximately twice 
the 2-methyltetrol mass. The mass fractions of methyltetrol sulfates indicate conversion of a 
significant amount of inorganic sulfate seed aerosol to organosulfates, supported by measurements 
using ion chromatography for the PILS samples (Figure B5). 
In addition to the monomeric methyltetrol sulfates (m/z 215.023), Figure 3.3 shows that the 
HILIC column resolves multiple isomeric methyltetrol sulfate dimers (m/z 333.086) in laboratory 
SOA generated from β- and δ-IEPOX, suggesting oligomeric products as a likely source of the 
unaccounted for aerosol mass. RPLC did not resolve isomers of either species, since all water-





-, m/z = 253.129) were detected in ambient samples from Look Rock 
and Manaus field sites. These dimers were not quantified due to the lack of authentic standards. 
In the Look Rock PM2.5 sample with the highest IEPOX-derived SOA concentration 
observed during the 2013 SOAS campaign,31 the mass concentration of the 2-methyltetrol was 
measured by HILIC/ESI-HR-QTOFMS to be 0.86 µg m-3, accounting for 5.6% of the total OA 
mass, or 7.5% of the total organic carbon (OC) mass. The total OA mass concentration averaged 
during the sampling period was determined to be 15.30 µg m-3 using an Aerodyne Aerosol 
Chemical Speciation Monitor (ACSM),31 and the total OC mass concentration from the same 
sample was measured to be 5.04 µgC m-3 using a Sunset laboratory OC-elemental carbon (EC) 
aerosol analyzer. Methyltetrol sulfates, quantified using the 2-methyltetrol sulfate standard, were 
determined to be 2.33 µg m-3, accounting for 15.3% of the total OA (or 12.9% of the total OC) 
mass, and significantly higher than 1.14 µg m-3 measured by RPLC/ESI-HR-QTOFMS.12 This 
discrepancy suggests that the RPLC/ESI-HR-QTOFMS method likely underestimates the 
methyltetrol sulfate concentrations, possibly resulting from insufficient dilution of Look Rock 
sample extracts (leading to concentrations beyond the linear range of the method), or appropriate 
isomeric standards, or caused by ion suppression due to co-elution with other water-soluble 
organic or inorganic aerosol components. The sum of the 2-methyltetrols and methyltetrol sulfates 
quantified by the new method accounted for 20.9±2.9% of the total OA mass in the Look Rock 
sample during the 2013 SOAS campaign when high intensity of isoprene and anthropogenic 
emissions (acidic sulfate aerosol) were observed, making IEPOX-derived SOA the single largest 
contributor to the characterized OA constituents.31 
For the Manaus sample, the HILIC/ESI-HR-QTOMS analysis measured 0.14 and 0.39 μg 




the total OC mass concentration (8.12 μgC m-3 for this particular sample collected on November 
30, 2016) measured by a Sunset laboratory OC-EC aerosol analyzer. In addition, elevated 
concentrations of levoglucosan (0.46 μg m-3 by GC/EI-MS), EC (1.18 μgC m-3 by a Sunset OC-
EC aerosol analyzer), and PM2.5 (46.1 μg m
-3) were observed on this particular day, and more 
generally during the November 28-30, 2016, sampling period due to the large influence of biomass 
burning. In fact, average levoglucosan, OC, EC, and PM2.5 concentrations during this biomass 
burning intensive period were 0.41 μg m-3, 8.0 μgC m-3, 1.3 μgC m-3, and 43.6 μg m-3, respectively. 
The elevated biomass burning likely explains why the IEPOX-derived SOA tracers accounted for 
a lower % contribution to the total OC mass versus the southeastern U.S. sample (Table 2), which 
the latter had little influences of biomass burning. 
3.4.4 Other Measurable Water-Soluble Organic Compounds in Ambient PM2.5  
In addition to the targeted analysis for the 2-methyltetrols and methyltetrol sulfates, we 
were able to detect several other isoprene-derived organosulfates in the ambient PM2.5 samples. 
Figure 3.4 shows the EICs of organosulfates with chemical formulas C4H7O7S
- (m/z 199, accurate 
mass = 198.9912), C5H9O7S
- (m/z 213, accurate mass = 213.0069), and C5H7O7S
- (m/z 211, 
accurate mass = 210.9912) detected in the PM2.5 samples from Look Rock and Manaus. These 
species have also been reported from other field and laboratory studies, including EICs obtained 
from HILIC/ESI-MS.39,214–216 The ion of m/z 199 was confirmed as the sulfate ester derived from 
another isoprene SOA tracer 2-methylglyceric acid in high-NOx conditions.
30,228 The structures of 





3.4.5 Discrepancy between HILIC/ESI-HR-QTOFMS and GC/EI-MS – Thermal Degradation 
of Organosulfates 
Table 3 lists the concentrations of 2-methyltetrols in samples of SOA from β-IEPOX, δ-
IEPOX, Look Rock, and Manaus quantified in parallel by HILIC/ESI-HR-QTOFMS and GC/EI-
MS with prior derivatization. The concentrations of 2-methyltetrols determined by GC/EI-MS 
were 204, 236, 160, and 288%, respectively, of that determined by HILIC/ESI-HR-QTOFMS. The 
discrepancies are consistent with suggestions that GC/EI-MS overestimates semi-volatile marker 
compounds because of thermal degradation of low volatile accretion products (e.g., oligomers or 
possibly organosulfates).141 To investigate whether the overestimation in fact resulted from 
thermal degradation or trimethylsilylation of the analytes, calibration curves of 2-methyltetrol, 2- 
and 3-methyltetrol sulfates were generated by GC/EI-MS along with the four SOA samples. As 
shown in Figure 3.5/B6/B7 (b-c), the isoprene-derived SOA tracers commonly observed by 
GC/EI-MS, including C5-alkene triols, 2-methyltetrols, and 3-MeTHF-3,4-diols, were detected in 
the pure 2- and 3-methyltetrol sulfate standards. Figure B6 (b-c) clearly illustrates the formation 
of 2-methyltetrols in the GC/EI-MS analysis of the 50 μg mL-1 2- and 3-methyltetrol sulfate 
standards. The GC/EI-MS EIC of m/z 219 for the 50 μg mL-1 derivatized standard of authentic 2-
methyltetrol diastereomer mixture is characterized by peaks at RTs of 34.0 and 34.8 min. Peaks 
with relative intensities of ~0.25 and ~5% at the same RTs characterize the EICs at m/z 219 of the 
pure 2- and 3-methyltetrol sulfate standards. The 2-methyltetrols from degradation of the 
organosulfates can partially explain the large discrepancy measured between the HILIC/ESI-HR-
QTOFMS and GC/EI-MS methods. Other organosulfates and oligomers present in the aerosol 
samples may also contribute to the discrepancy. The C5-alkene triol tracers for isoprene SOA, have 




reported that the high concentrations of C5-alkene triols measured in PM2.5 samples analyzed by 
these procedures, in which samples are treated at high-temperature, are not consistent with their 
estimated volatility, and suggest that these compounds are degradation products of IEPOX-derived 
organosulfates and oligomers.141 Based on the semi-quantitative relationship established for the 
C5-alkene triols produced from the 2-methyltetrol sulfate standards prepared (Appendix B), 30.0%, 
42.8%, and 14.7% of the C5-alkene triols measured by GC/EI-MS could be attributed to the 
potential thermal degradation of the 2-methyltetrol sulfates in the PM2.5 samples from laboratory-
generated β-IEPOX SOA, Look Rock, and Manaus, respectively (Table S2). Similarly, 11.1% of 
the 2-methyltetrols and approximately all 3-MeTHF-3,4-diols in laboratory-generated δ-IEPOX 
SOA may be products of the thermal degradation of the 3-methyltetrol sulfates (Table S3). As 
demonstrated above, thermal degradation of organosulfates as well as low volatile accretion 
aerosol products (i.e., oligomers) explains a substantial fraction of the isoprene-derived SOA 
tracers previously measured through analytical methods such as GC/EI-MS or SV-TAG in which 
samples are treated at high temperatures.230 HILIC/ESI-HR-QTOFMS avoids such treatment and 
is therefore preferred for accurate quantification of IEPOX-derived SOA constituents. 
3.5 Conclusions  
The availability of authentic IEPOX-derived SOA standards was critical in developing the 
HILIC/ESI-HR-QTOFMS method described here. This protocol was used to evaluate IEPOX-
derived SOA samples generated in laboratory studies or PM2.5 samples collected from two 
isoprene-rich regions. The HILIC column can resolve the major water-soluble IEPOX-derived 
SOA constituents, including the 2-methyltetrols, methyltetrol sulfates and the corresponding 
dimers that are predicted to form in regional and global scale atmospheric chemistry models.140,220–




method with improved accuracy. We have demonstrated the ability to distinguish between 
different diastereomers of β- and δ-IEPOX-derived methyltetrol sulfates, which allows the 
contribution of the IEPOX isomers to be apportioned with the availability of authentic sulfate 
standards. Analysis by the HILIC method avoids high-temperatures required by GC/EI-MS or SV-
TAG methods which cause degradation of IEPOX-derived organosulfates and oligomers to 2-
methyltetrols, C5-alkene triols, and 3-MeTHF-3,4-diols with consequent distortion of actual 
product distributions.141,232 
By taking advantage of authentic standards and the HILIC/ESI-HR-QTOFMS method, we 
have estimated the mass fractions of the 2-methyltetrols and the methyltetrol sulfates in laboratory 
and ambient SOA samples. In summary, these two types of SOA constituents, likely the two largest 
contributors, contributed 92.1±13.0%, 61.5±8.7% to total aerosol mass, and 20.9±2.9% to OA 
mass from the laboratory-generated β-IEPOX SOA, laboratory-generated δ-IEPOX SOA, and 
Look Rock PM2.5, respectively. These two SOA constituents contributed ~2.1% to OC mass from 
Manaus PM2.5 sample, which was likely lower owing to the fact that biomass burning was a large 
contributor to the OC mass during this sampling period whereas the Look Rock PM2.5 sample had 
little influences of biomass burning. The methyltetrol sulfates are the largest single contributor to 
the IEPOX SOA mass, contributing ~2-3 times of the mass of the 2-methyltetrols. The 
predominant contributions of organosulfates (> 90% of the reactive uptake of β-IEPOX) reveal the 
significance of conversion of inorganic sulfate to organosulfate, implying the critical role of 
inorganic sulfate as a nucleophile, and emphasize the importance of the multiphase chemistry of 
IEPOX leading to SOA formation in the isoprene-rich regions. In addition, oligomers derived from 





Large abundances of methyltetrol sulfates in atmospheric PM2.5 could explain previous 
observations of the low-volatility nature of IEPOX-derived SOA in ambient aerosol.141 The 
HILIC/ESI-HR-QTOFMS procedure described here can resolve water-soluble organic 
constituents from isoprene photochemical products generated via non-IEPOX pathways. HILIC 
separation can be interfaced to current RPLC/ESI-HR-QTOFMS procedures to develop two 
dimensional LC/ESI-HR-QTOFMS, further enhancing resolution of hydrophilic organic 
compounds in PM2.5. 
3.6 Acknowledgement 
This work was funded by the National Science Foundation (NSF) under Atmospheric and 
Geospace (AGS) Grant 1703535. This work was also support in part by the NSF under Chemistry 
(CHE) Grant 1404644, and CAPES Foundation by Brazil Ministry of Education, Brasilia, DF 
70.040-020, Brazil. The UNC Biomarker Mass Spectrometry Facility, which contains the 
HILIC/ESI-HR-QTOFMS instrument, is supported by the National Institute for Environmental 





Table 3.1. Properties of the 2-methyltetrol, 2-methyltetrol sulfate and 3-methyltetrol sulfate 
standards characterized by HILIC/ESI-HR-Q-TOFMS, including retention times (RTs), linear 
range (L. Range), coefficient of determination (R2), limit of detection (LOD), limit of 
quantification (LOQ) of ten replicate injections. Note that structures are for one of two 


















































Table 3.2. Concentrations and mass fractions of 2-methyltetrols and methyltetrol sulfates 
measured from laboratory-generated SOA and ambient PM2.5 samples by HILIC/ESI-HR-
QTOFMS. 
 2-Methyltetrols Methyltetrol sulfates 
 
Mass Conc. 
(µg m-3) a 
% Total Mass b 
Mass Conc. 
(µg m-3) 
% Total Mass 
Laboratory β-IEPOX SOA  63.98 33.9 % 109.67 58.2 % 
Laboratory δ-IEPOX SOA 29.49 19.6 % 62.98 41.9 %  
Look Rock, TN, USA 0.861 5.6 (7.5) % 2.334 15.3 (12.9) % 
Manaus, Brazil 0.137 (0.74) % 0.390 (1.34) % 
 
a The mass concentrations of 2-methyltetrols and methyltetrol sulfates were measured from the PILS 
samples for the laboratory-generated SOA, and from the filter samples for the Look Rock and Manaus 
samples; 
b The total aerosol masswas used for the mass closure for the laboratory-generated SOA, while the organic 
aerosol (or organic carbon, shown in parentheses) mass was used for the mass closure for the Look Rock 
and Manaus samples. The total aerosol mass was determined using an SEMS-MCPC system for the 
laboratory-generated SOAs, assuming the particle density to be 1.42 or 1.55 g cm-3 after reaction from β- 
or δ-IEPOX (Appendix B). The total organic aerosol mass for the Look Rock sample was measured by an 
ACSM. The OC mass for the Look Rock and Manaus samples was measured using EC/OC analyzers. The 





Table 3.3. Concentrations and discrepancies of 2-methyltetrols (µg m-3) from laboratory-generated 









Laboratory β-IEPOX SOA 69.05 140.86 204 % 
Laboratory δ-IEPOX SOA 51.91 122.56 236 % 
Look Rock, TN, USA 0.861 1.381 160 % 







Figure 3.1. Extracted ion chromatograms (EICs) at m/z 215.023 corresponding to methyltetrol 
sulfates. Using a) RPLC C18 column, and b) HILIC BEH amide column: standards of 1) 2-
methyltetrol sulfates; 2) 3-methyltetrol sulfates. Standards were prepared at 10 µg mL-1. No 






Figure 3.2. EICs obtained from HILIC for a) m/z 135.066 corresponding to 2-methyltetrols, b) 
m/z 215.023 corresponding to methyltetrol sulfates from: 1) 10 µg mL-1 synthesized standard (b1: 
2-methyltetrol sulfates (dashed line) and 3-methyltetrol sulfates (solid line)); 2) laboratory-
generated β-IEPOX SOA; 3) laboratory-generated δ-IEPOX SOA; 4) PM2.5 sample collected at 
Look Rock during 2013 SOAS campaign; 5) PM2.5 sample collected at Manaus in Nov. 2016. The 
laboratory-generated β-IEPOX SOA, δ-IEPOX SOA, Look Rock, and Manaus samples were 
diluted by a factor of 200, 100, 40, and 100, respectively. No significant peaks were observed 





Figure 3.3. EICs of m/z 215.023 (C5H11O7S
-) and 333.086 (C10H21O10S
-) corresponding to 
methyltetrol sulfate monomers and dimers, respectively, from a) laboratory-generated β-IEPOX 
SOA diluted by a factor of 200; and b) laboratory-generated δ-IEPOX SOA. No significant peaks 






Figure 3.4. EICs of other water-soluble organosulfates with their proposed structures: a) m/z 199 
corresponding to C4H7O7S
-, b) m/z 211 corresponding to C5H7O7S
-, and c) m/z 213 corresponding 
to C5H9O7S
- observed in PM2.5 samples collected from 1) Look Rock during 2013 SOAS campaign; 







Figure 3.5. GC/EI-MS EICs of m/z 231 corresponding to C5-alkene triols (RT = 26.9, 27.9, 28.3 
min) from: a) 50 µg mL-1 standard of 2-methyltetrol; b) 50 µg mL-1 standard of 2-methyltetrol 
sulfate; c) 50 µg mL-1 standard of 3-methyltetrol sulfate; d) laboratory-generated β-IEPOX SOA; 
e) laboratory-generated δ-IEPOX SOA; f) PM2.5 sample at Look Rock during 2013 SOAS 
campaign; g) PM2.5 sample at Manaus in Nov. 2016. Note that the y-axis scale was adjusted to the 







CHAPTER 4: CHEMICAL COMPOSITION OF BROWN CARBON AEROSOL FROM 
PRIMARY AND PHOTOCHEMICALLY-AGED LABORATORY-SIMULATED 
WESTERN US WILDFIRE EMISSIONS3 
 
4.1 Overview 
Light-absorbing brown carbon (BrC) aerosols from wildfires substantially impact air 
quality and climate. During the 2016 Fire Influence on Regional and Global Environments 
Experiment (FIREX), 107 laboratory-simulated wildfires were performed at the US Forest Service 
Fire Science Laboratory. Fuels combusted were from western US coniferous and chaparral 
ecosystems, such as Ponderosa pine, Douglas fir, and manzanita, including their canopy, litter, and 
rotten log components. BrC constituent identities and quantities from primary and 
photochemically-aged emissions were characterized at the molecular level by ultra-performance 
liquid chromatography coupled to both diode array UV detection and electrospray ionization high-
resolution quadrupole time-of-flight mass spectrometry. Thirty-seven solvent-extractable BrC 
constituents, such as nitro-aromatics (e.g., methyl nitrocatechol) and guaiacol/styrene derivatives 
(e.g., vanillic acid/coniferyl aldehyde), were quantified from 20 selected experiments using 
authentic/surrogate standards, accounting for 3.3±1.9% on average (up to 9.1%) of PM2.5 mass; 
these correlated (R2 = 0.74) with Ångström absorption exponents. BrC emission factors were on 
average 1.71±3.23 (up to 13.68) g kg-1 fuel burned. Notably, rotten logs produced the largest BrC 
aerosol mass fractions and emission factors. Photochemical aging of primary emissions 
                                               
 




formed/enhanced a number of organic aerosol constituent levels; most were BrC species (i.e., 
nitro-aromatics). This study provides detailed emission factors and chemical composition of BrC 
to improve model predictions of changes in air quality and climate due to western US wildfire 
emissions. 
4.2 Introduction 
Light-absorbing carbonaceous constituents of atmospheric organic aerosol (OA), referred 
to as brown carbon (BrC), can efficiently absorb near-UV and visible radiation, potentially altering 
Earth’s radiative forcing and global climate.234–237 Although BrC has been recognized as a 
significant contributor to aerosol light absorption237 and its composition and optical properties 
previously assessed,104,235,236,238 quantitative predictions of the atmospheric impacts of BrC aerosol 
remain uncertain due to its chemical complexity and high reactivity.104,238 The light-absorbing 
components (i.e., chromophores) in BrC aerosol are expected to possess a high degree of 
unsaturation or conjugation,86,103,104 but are rarely quantified and used as OA tracers in the 
atmosphere.105–107 In some circumstances, the overall light-absorbing properties of OA are 
dominated by a few chemical classes of strong chromophores at trace levels,108–110 such as 
polycyclic aromatic hydrocarbons (PAHs),111,112 nitrogen (N)-containing aromatic compounds 
(NACs) and their derivatives.105,106,109,110,113,114 
The current challenge for chemical characterization of BrC aerosol constituents is to 
precisely identify their wavelength-dependent chromophores from a majority of non-absorbing 
OA constituents. This typically requires combining high-performance liquid chromatography 
(HPLC) for separation, spectrophotometry for detection of UV-vis light-absorption properties, and 
high-resolution mass spectrometry (HRMS) for chemical identification at the molecular level.114 




ionization (ESI) and atmospheric pressure photoionization ionization (APPI) operated in the 
negative and positive ion modes, over 40% of light absorbance from biomass burning emissions 
was attributed to solvent-extractable BrC compounds with diverse molecular structures spanning 
a very broad range of molecular weights and polarities.136 
As a large source of atmospheric carbonaceous OA (as well as BrC),85–87 biomass burning-
derived organic aerosol (BBOA) from wildfires contains thousands of gaseous and particulate 
constituents that can significantly influence atmospheric chemistry, cloud formation, climate, and 
human health.88–90 Individual and categorized organic emissions from wildfires have been 
previously identified and quantified.91–102 However, previous measurements did not always 
provide quantitative chemical composition data of BrC constituents from biomass burning 
emissions, and thus, the specificity, light-absorption properties, and reactivity of wildfire 
emissions remain unclear, impeding accurate predictions of the impacts of wildfires on the 
environment. The complex mixture of gas- and particle-phase biomass burning emissions, 
including BrC constituents, can undergo atmospheric oxidation and multiphase chemistry. 
Numerous studies indicate that optical and chemical properties of BrC may substantially evolve 
as BBOA ages in the atmosphere,115–120 or affected by other factors such as solar irradiation121,122 
and relative humidity (RH).123,124 However, due to the complex atmospheric perturbations and the 
uncontrolled nature of wildfires, characterization of BrC aerosol constituents from biomass 
burning emissions needs to be systematically assessed in the laboratory where variables can be 
controlled to minimize uncertainties from burn to burn.239  
During the six-week 2016 Fire Influence on Regional and Global Environments 
Experiment (FIREX) (https://www.esrl.noaa.gov/csd/projects/firex/) campaign led by the National 




systematically performed in a large-scale indoor facility at the US Forest Service Fire Science 
Laboratory (FSL) in Missoula, Montana. Combusted fuels were characteristic of western US 
coniferous and chaparral ecosystems, including Ponderosa pine, Lodgepole pine, Douglas fir, 
Engelmann spruce, Subalpine fir, and chaparral (manzanita or chamise).239 Specific components 
of the conifers and shrubs (e.g., canopy, rotten log, litter, duff, and mixtures of above to mimic 
their realistic complexes) were combusted under a variety of controlled conditions. 
In this study, the identities, quantities, and evolution of BrC aerosol constituents were 
characterized from laboratory-simulated wildfire emissions. During the 2016 FIREX campaign, 
primary biomass burning emissions were collected onto Teflon filter samples and then extracted 
with methanol and analyzed by: (1) ultra-performance liquid chromatography coupled to both 
diode array detection and electrospray ionization high-resolution quadrupole time-of-flight mass 
spectrometry (UPLC/DAD-ESI-HR-QTOFMS); and (2) gas chromatography electron ionization 
mass spectrometry (GC/EI-MS) with prior derivatization through trimethylsilylation. Effects of 
photochemical aging on primary biomass burning emissions were investigated using the Colorado 
State University (CSU) 10-m3 portable smog chamber in order to systematically assess changes in 
of BrC aerosol composition in the presence of UV irradiation and nitrous acid (HONO). HONO 
photolysis was used as a source of both hydroxyl radical and oxides of nitrogen (NOx) in order to 
photochemically oxidize (or age) the primary biomass burning emissions. Our measurements 
provide quantitative chemical composition data and emission factors of BrC aerosol constituents 
at the molecular level from the laboratory-simulated primary and aged biomass burning emissions 
with varying fuel types and burn conditions. From this data, we also tentatively propose formation 




future modeling studies that examine the impacts of biomass burning derived BrC aerosols on air 
quality, climate, and human health in the western U.S. 
4.3 Experimental Section 
4.3.1 Laboratory-Simulated Wildfire Emissions 
The laboratory-simulated wildfire emissions produced during the first phase of the multi-
year FIREX campaign provided an opportunity to deploy a large suite of state-of-the-art 
instruments and analytical methods under burning conditions that aimed to mimic ambient burns. 
More detailed information about the FSL facility and operation has been described by Koss et al.,97 
Selimovic et al.,239 and several other studies from FIREX 2016.90,96,240,241 In brief, 107 controlled 
combustion experiments involving 39 fuels, including different fuel components, were 
systematically performed in the large (12.5 m × 12.5 m × 22 m-height, approximately 3500 m3) 
FSL indoor combustion chamber. The fuels burned were collected to represent fire-prone western 
North America ecosystems, including Douglas fir (Pseudotsuga menziesii), Engelmann spruce 
(Picea engelmanii), Lodgepole pine (Pinus contorta), Ponderosa pine (Pinus ponderosa), 
Subalpine fir (Abies lasiocarpa), chaparral manzanita (Arctostaphylos) and chamise (Adenostoma 
fasciculatum). These fuel types were burned in replicate experiments, results from these burns are 
reported herein. Combustion of specific components of these fuels, such as canopy, litter, and duff, 
as well as mixtures of components to mimic the complexities of realistic ecosystems, were 
managed in many of the experiments. 
Two configurations of combustion experiments were arranged at FSL for primary or 
diffused fire emissions. In the first configuration, fires were ignited and evolved underneath a 1.6-
m diameter 21-m exhaust stack and fire emissions were elevated through the stack. This set of 




the course of a burn and typically lasted for 10-30 minutes. During the second configuration of 
experiments, the entire large combustion room was filled with fire emissions (diffused), referred 
to as “Room Burns.” These burns lasted up to several hours and provided a relatively more 
compositionally-stable mixture that is more relevant to ambient wildfires. In addition, smog 
chamber experiments of primary biomass burning emissions from selected fuel types were 
conducted in the Colorado State University (CSU) portable smog chamber to determine how 
photochemical reactions may alter primary BBOA or secondary BrC aerosol components. Detailed 
instrumentation and operation of the two configurations are described in the following two 
subsections. 
4.3.2 Primary Emissions from “Stack Burns” 
During the “Stack Burn” experiments, direct (primary) emissions traveled up through the 
21-m stack at a constant flow rate (~3.3 m s-1). A 20.3 cm diameter, ~20-m semi-rigid aluminum 
duct was attached as a sampling port into the stack on a sampling platform surrounding the round 
stack 17-m above the fuel bed. This was done in order to transfer the primary fire emissions to the 
FSL’s wind tunnel room, where the particulate samples were collected for subsequent offline 
analysis. At the height of the platform, temperature and mixing ratios were consistent across the 
width of the round stack, confirming well-mixed emissions that can be monitored by a number of 
different sampling lines throughout the burn.242 The flow rate through the aluminum duct, driven 
by a blower and verified by an anemometer, was roughly 20,000 L min-1, resulting in a residence 
time of ~1.5 s in the aluminum duct. With this short residence time, minimal losses were expected 
within the transfer duct, allowing intercomparison between our measurements described herein 




Two parallel 37-mm Teflon filters (Pallflex air monitoring filters, Pall Corp.) were 
collected for primary PM2.5 emissions from all the 75 “Stack Burns” (Figure C1, Appendix C). A 
0.95-cm diameter copper tubing was chosen to connect the two filter holders to the aluminum duct 
and to match the flow velocity. The pressure difference between the aluminum duct and the 
sampling room was negligible (< 2 inches of water, or 500 Pa). The two home-made filter holders 
with a 2.5-µm size-cut inlet were operated at a sampling flow rate of 10 L min-1, which was 
calibrated using a DryCal (Mesa Laboratories, Model Defender 520) gas-flow calibrator. With an 
inline pressure gauge (Magnehelic Inc.), a relationship between pressure and the sampling flow 
rate was established to monitor the decline of flow rate due to potential overloading of aerosol 
particles on filter membranes. At least one field filter blank was collected on each day (or every 5 
“Stack Burns”). The filter samplers were turned on (or off) exactly when the FSL fire operators 
sent the signal for the ignition of the fuels (or extinguishment of the combustion). Upon collection, 
filter samples were weighed for the second time in the FSL’s filter weighing room using a sensitive 
electronic balance to determine the mass of PM2.5 collected (mPM2.5, Table 4.1) onto the filters, 
before immediately (within 5-60 min) storing them in 22-mL scintillation vials. These vials were 
stored at -20℃ until shipped and chemically analyzed at UNC.   
Twenty out of the 75 “Stack Burn” experiments were selected to represent the six most 
commonly burned fuels, including Ponderosa pine (PP), Lodgepole pine (LP), Douglas fir (DF), 
Engelmann spruce (EP), Subalpine fir (SF), and chaparral manzanita (M) or chamise (C). For each 
fuel, 3-4 burns with different components were selected (Table 4.1 and Figure C2 in Appendix C). 
Selection criteria considered different components of the trees (e.g., canopy, duff, litter, rotten log, 





3), longer burn duration (> 10 min), larger burned fuel weight (> 250 g), and darker filter colors 
were preferred. 
4.3.3 Photochemical Evolution of BrC during “Room Burns” 
The CSU smog chamber setup and instrumentation are shown in Figure C3 (Appendix C). 
The portable chamber was ~1.8 m × ~1.8 m × ~3.2 m when fully inflated, and can be collapsed 
down to ~2 m3 to achieve a higher exchange rate per unit time when flushed. Four panels of UV 
lamps were mounted on the front and rear doors inside a wooden shelter of the chamber for 
irradiation. A portable air conditioning (AC) unit was attached to the outside of the chamber to 
control the temperature around the chamber when the UV lamps were on. A total organic carbon 
analyzer (TOC) was operated in real-time Turbo mode (time resolution = 4 s) and coupled to a 
particle-into-liquid sampler (PILS, Model 4001, Brechtel Inc., Hayward, CA).  The PILS-TOC 
was used to monitor the real-time water-soluble organic carbon (WSOC) fraction in the particle 
phase. In addition, regular PILS samples were collected into 12-mL polypropylene vials 
simultaneously with an auto-sampler (Brechtel Inc.). Two organic vapor denuders with carbon 
strips were deployed upstream the PILS to ensure exclusive collection of particle-phase emissions. 
In addition, a 2.5-µm impactor was mounted prior to the PILS sample inlet to remove large (mostly 
soot) particles and the impactor plate was cleaned every a few days or as needed between burns. 
An iodide chemical ionization mass spectrometer (CIMS, Aerodyne Research Inc.) was deployed 
to monitor the gaseous components in real-time.90  
A typical time profile of chamber operation and real-time monitoring are shown in Figure 
4.2. Prior to and after each experiment, the chamber started with ~20% of its total volume (for a 
higher air exchange rate) and was flushed using clean air generated at the FSL facility. Chamber 




combustion used for chamber experiments, HONO, which was used as an OH precursor, was 
injected into the chamber by nebulizing a freshly prepared solution of 25mL of 1% NaNO2 in 
50mL of 10% H2SO4 in a glass bulb for 50-60 min at 2 L min
-1.243 This typically resulted in 5-6 
ppm NOx and (5-7)×10
6 molecules/cm3 OH radicals in the fully inflated chamber, as measured by 
previous users of the CSU chamber at FIREX. After fuels were ignited, the high-concentration fire 
emission of gases and particles (PM2.5 up to several thousands of µg/m
3) were allowed to mix in 
the large combustion room for 15-30 minutes and then introduced into the smog chamber through 
three parallel Dekati diluters (Model DI-1000) with a combined flow of approximately 190 L min-
1 for 50-60 min, diluted by a factor of 15 with clean air generated in the FSL facility. The first set 
of filters and PILS samples for the “fresh” smoke was collected during the smoke injection for 30 
min to coordinate with expanding chamber volume starting from 20% of its total volume. After 
the smoke injection, the chamber was inflated to nearly 95% full and the injected contents were 
allowed to stabilize for 35-45 min to obtain the wall-loss rates of particles. The UV lamps and AC 
were turned on to initiate photooxidation of the primary fire emissions. Usually 45-60 min after 
UV irradiation, when the PILS-TOC signal of particulate WSOC stopped growing and stabilized, 
the second set of filters and PILS samples was collected for 60 min for the “photochemically-
aged” emissions. 
4.3.4 Offline Aerosol Characterization 
4.3.4.1 UPLC/DAD-ESI-HR-QTOFMS 
An Agilent 6520 Series Accurate Mass Q-TOFMS instrument (Agilent Technologies, 
Santa Clara, CA) interfaced to an Agilent 1200 Series UPLC system, and equipped with an ESI 
source operated in both negative and positive ion modes,40 was used to chemically characterize 




of “Room Burns” during the 2016 FIREX campaign. In brief, chromatographic separations were 
carried out using a Waters ACQUITY UPLC HSS T3 C18 column (2.1×100 mm, 1.7 µm particle 
size, Waters Corporation, Milford, MA) at 45°C. The mobile phases consisted of eluent (A) 0.1% 
acetic acid in Milli-Q water, and eluent (B) 0.1% acetic acid in pure methanol (99.9%, Fisher 
Chemical) for negative ion mode analyses, or eluent (A) 0.1% ammonium acetate in Milli-Q water 
and eluent (B) 0.1% ammonium acetate in pure methanol for positive ion mode analyses. The 
gradient elution program was as follows: eluent (A) held at 100% from 0-2 min, decreased linearly 
to 10% from 2-10 min, held constant at 10% between 10-11 min, increased linearly to 100% from 
11-15 min, and held constant at 100% during a 5-min post run column re-equilibration. The flow 
rate and sample injection volume were 0.3 mL min−1 and 5 µL, respectively. A Diode Array UV 
Detector (DAD) between the UPLC system and the mass spectrometer was operated to measure 
absorbance of each sample from 200 to 800 nm (with a step of 2 nm). At the beginning of each 
analysis period, the mass axis of the Q-TOFMS was calibrated using a commercially available 
ESI-L low-mass tuning mixture (Agilent Technologies, Santa Clara, CA) containing seven masses 
ranging from 60-1700 Da. For real-time mass correction, a solution containing 3 reference mass 
components was continuously infused.  The refence compounds employed for negative ion 
analysis were:  acetate adduct ion of hexakis (1H,1H,3H-tetrafluoropropoxy) phosphazene at 
mass-to-charge ratio (m/z) 980.0164, deprotonated purine at m/z 119.0363, and leucine enkephalin 
at m/z 554.2620.,. These same compounds were used for real-time mass axis correction (calibration) 
during the positive ion mode analyses, using the corresponding m/z values for positively charged 
ions. The resultant mass resolution of the ESI-HR-QTOFMS over m/z 60-1700 ranged from 11,000 
at the low mass end to 17,000 at the high mass end. Raw data were acquired and processed with 





GC/EI-MS analysis with prior derivatization was performed to measure several well-
established biomass burning tracers, such as anhydrosugars, following detailed procedures 
previously described.157,158 In brief, filter samples were analyzed within 24 h of derivatization with 
a Hewlett-Packard (HP) 5890 Series II gas chromatograph coupled to a HP 5971A mass selective 
detector, with an Econo-Cap-EC-5 capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) 
and the electron ionization source operated at 70 eV. The 65-min temperature program of the GC 
initiated at 60 ℃ for 1 min, then increased by 3 ℃ min-1 to 200 ℃ and isothermally held for 2 
min, followed by another temperature ramp of 20 ℃ min-1 to 310 ℃ and isothermally held for 10 
min. The temperatures of both the GC inlet and detector were operated at 250 ℃. 
4.3.4.3 Sample Preparation, BrC Identification and Quantification. 
One of the two filters collected from each of the selected “Stack Burn” and smog chamber 
experiments was extracted individually with 20 mL methanol by 45 min sonication, blown dry 
under a gentle N2 stream at room temperature (21-22°C), re-dissolved in 2.0 mL of methanol and 
divided into 3 aliquots of 0.5 mL, 0.5 mL, and 1.0 mL. The first 0.5 mL aliquot was dried 
completely and reconstituted with 150 µL of 50:50 (v/v) methanol/water solvent mixture for the 
subsequent UPLC/DAD-ESI-HR-QTOFMS analysis; the second 0.5 mL aliquot was dried 
completely and reconstituted with 100 μL of BSTFA + TMCS (N,O-bis (trimethylsilyl) 
trifluoroacetamide + trimethylchlorosilane, 99:1, Supelco) and 50 μL of pyridine (anhydrous, 
99.8%, Sigma-Aldrich), and heated at 70°C  for 90 min for trimethylsilylation prior to the GC/EI-
MS analysis; the remaining 1.0 mL aliquot was stored at -20°C  for future analyses. Immediately 
prior to analysis, each reconstituted extract was filtered through a PTFE syringe filter (Agilent, 




Chromatographically resolved BrC chromophores were measured by the DAD for light 
absorbance at 365 and 405 nm, and subsequently detected by ESI-HR-QTOFMS. The method of 
identifying solvent-extractable ESI-detectable organic compounds responsible for the observed 
light absorption is demonstrated in Figure C4 (Appendix C).114,244 Briefly, this method includes 
peak detection aligned on UV-vis and ion chromatograms, background subtraction of mass spectra, 
formula assignment, and BrC identification assisted with accurate mass measurements (i.e., 
elemental composition determination of the parent BrC ions), tandem MS (MS/MS) generated 
fragment ions, grouping of isotopic peaks, constraints of elements (C ≤ 30, H ≤ 60, O ≤ 20, N ≤ 
10, and S ≤ 2), Nitrogen Rule, double bond equivalents (DBE) determinations, hydrophilicity (or 
water-solubility) indicated by retention times (RTs), and previously-reported BBOA composition. 
In addition to identifying the BrC chromophores observed with prominent light absorbance, a large 
number (over 50) of known BrC species was examined by searching for their exact m/z values in 
the mass spectral raw data.  
To quantify BrC aerosol constituents identified by UPLC/DAD-ESI-HR-QTOFMS, 8 
external (2-nitrophenol, 4-nitro-o-cresol, 4-nitro-1-naphthol, 4-methyl-5-nitrocatechol, vanillin, 
acetovanillone, sinapinic acid, and coniferyl aldehyde) and 2 internal (ketopinic acid and camphor-
10-sulfonic acid) commercially-available authentic standards were prepared for 7-point calibration 
curves from 0.01-500 µg mL-1 with detection limits below 0.01 or 0.1 µg mL-1. More information 
about the authentic standards (e.g., manufacturer, purity, retention time, exact and measured m/z 
values, fragment ions, linear range as well as R2 of calibration curves, and response factors) are 
listed in Table C1 (Appendix C). The recovery rate for ketopinic acid when using methanol as an 
extraction solvent (determined by UPLC/ESI-HR-QTOFMS) was 89.8±2.4% (average ± standard 




with the largest PM2.5 masses out of the 20 “Stack Burn” samples were re-extracted using 70:30 
(v/v) acetonitrile/toluene solvent mixture. Most of the identified BrC species were not detected 
from this second extraction, suggesting that the first extraction with methanol was an acceptable 
extraction solvent. Only a few BrC aerosol constituents (e.g., vanillic acid, coniferyl aldehyde) 
were detected from the second extraction, but the abundance was lower than 1.5% of that from the 
first extraction, except for 2-nitrophenol whose extraction efficiency using methanol was roughly 
55%.  
For quantification by GC/EI-MS, levoglucosan and mannosan were used as external 
authentic standards, derivatized following the same protocol as for the samples, to prepare 7-point 
calibration curves from 0.25-500 µg mL-1, while ketopinic acid was used as an internal standard 
(Table C1, Appendix C). The detection limit is below 1 and 2.5 µg mL-1 for levoglucosan and 
mannosan, respectively. The GC/EI-MS recovery rate (derived from ketopinic acid) was 
100.0±3.5%. 
The quantified individual BrC and other OA constituents were eventually normalized to 
percentages of the PM2.5 mass collected onto the filters (fX PM2.5⁄  as shown in Figure 4.1 in the 
results section), using the Equation (i) below: 




where rX is the peak area of OA constituent X directly integrated from UPLC/ESI-HR-QTOFMS 
or GC/EI-MS data; RFX is the response factor (peak area per µg mL
-3, with examples shown in 
Table C1) used for quantifying X, so the quotient “rX RFX⁄ ” calculates concentration of X in the 
liquid UPLC/ESI-HR-QTOFMS or GC/EI-MS sample (µg mL-1); Vs = 0.15 mL  is the 
reconstituted liquid sample volume; fracX = 0.25 is the fraction of the filter extract analyzed by 




4.3.4.4 Modified Combustion Efficiency and Emission Factors 
Modified combustion efficiency (MCE) reflects the mix of two major combustion 
processes for open burning of biomass, which includes flaming and smoldering, and is defined as 
background-corrected values of CO2/(CO2+CO).
91,245 An MCE value near 1.0 is an indication of 
nearly pure flaming, while a lower MCE (~0.8) is an indication of nearly pure smoldering.91 An 
MCE value of 0.9 would indicate roughly equal duration of both. The fire-integrated MCE was 
obtained from Selimovic et al.239 and is listed in Table 4.1 for the 20 selected “Stack Burns.” The 
time-integrated emission factors (EFs) of individual and summed BrC and saccharide 
(anhydrosugar) OA tracers were calculated using the Equation (ii) as followed: 




where EFX is the time-integrated EF of the OA constituent X from a fire (g X per kg fuel burned), 
fX PM2.5⁄  is the fraction of X (%) normalized to percent collected PM2.5 mass on filter, calculated 
using Equation (i); cPM2.5 is the time-integrated mass concentration of PM2.5 (µg m
-3, Figure C2, 
Appendix C) in the sampling tubing over the entire filter collection period, calculated by collected 
PM2.5 mass (µg, Table 4.1) divided by sampled air volume (m
3, at 10.0 L min-1), and it is reasonable 
to assume the same mass concentration of X and PM2.5 at the top of the stack due to minimal loss 
of particles as a result of short residence time (< 2 s);  Qstack is the estimated constant volumetric 
air flow rate through the stack (~ 6.0 m3 s-1); tburn is the duration of burn (s), which equals to the 
exact duration of filter collection; and mfuel is the mass of dry fuel burned (kg). 
4.3.4.5 Comparison between “Fresh” and Photochemically-Aged Emissions. 
Non-targeted MS analyses were performed to compare the filter samples collected for the 
“fresh” and photochemically-aged emissions from the smog chamber experiments in order to 




raw data files acquired from UPLC/ESI-HR-QTOFMS were first transformed into mzXML format 
by ProteoWizard (http://proteowizard.sourceforge.net/),246 and then processed by the online 
metabolomics platform XCMS (https://xcmsonline.scripps.edu/).247 Workflow parameters were 
adopted from a previous work with modifications.248 In brief, the centWave algorithm was used 
for peak detection, with a peak width range from 5-60 seconds, and the mass error tolerance was 
set at 20 ppm. Peak alignment required an m/z width (mzwid) at 0.025, and a minimum fraction 
(minfrac) of the sample group at 0.6. Annotation and molecular formula assignment were achieved 
by XCMS and verified by MassHunter. The differences of detected ions between the “fresh” and 
photochemically-aged emissions (4 repeated injections of each) were evaluated by Welch t-test 
with a threshold p-value set at 0.01, a minimum ion intensity (peak height) set at 5000 and response 
(peak area) at 30000, and a minimum fold-change at 1.5 after correction for the collected air 
volume, since the sample for photochemically-aged emissions was collected for a longer time. 
4.4 Results and Discussion 
4.4.1 BrC and Other OA Constituents from Primary Emissions. 
Following the approaches described in the last section, 37 solvent-extractable particulate 
BrC constituents were tentatively identified from the 20 selected “Stack Burns” of primary 
emissions, as shown in Figure 4.1. These identified BrC compounds were categorized into five 
groups based on structure and functional groups, including 12 nitro-aromatics, 6 guaiacol-
derivatives, and 6 styrene-derivatives. The DBE of the tentatively assigned formulas ranged from 
4-11, which is reasonable for light-absorptive structures.104 In addition to the 5 BrC species 
confirmed by comparative analysis with  authentic standards of 4-methyl-5-nitrocatechol, 2-




tentatively proposed based on MS/MS fragments (or functional groups), hydrophilicity (or water-
solubility) as indicated by RTs, and the literature. 
The identified BrC was individually quantified using authentic or surrogate standards and 
normalized to percentages of the PM2.5 mass collected onto the filter. The surrogate standards were 
chosen to quantify BrC components in the same category, if available, and based on the similarity 
of functional groups and RTs. As a result, Figure 4.1 shows that the summed mass of the 37 BrC 
compounds (∑BrC) measured in this study accounted for 3.34±1.90% of the collected PM2.5 mass 
averaged from the 20 selected primary emissions, with guaiacol- and styrene-derivatives being the 
top two most abundant groups. Notably, the rotten logs of Ponderosa pine and Douglas fir emitted 
the first- and second-most BrC as a fraction of PM2.5 mass, 9.07% and 7.99%, respectively, while 
the other components of fuels produced 1.57-3.97% BrC by PM2.5 mass. The results suggest larger 
differences among components of the tree (e.g., rotten log vs. others), as compared to the plant 
species (e.g., Douglas fir vs. Ponderosa pine), even though the relative contribution of 5 identified 
categories were consistent. 
Light-absorption from the identified BrC constituents was assessed following the approach 
demonstrated in Figure C4 (Appendix C). For example, the largest peak in the UV-vis 
chromatogram from the rotten log of Douglas fir (DF-RL) in Figure C5 (Appendix C), was later 
confirmed to be coniferyl aldehyde using the authentic standard and accounted for 1.46% of the 
total PM2.5 mass. However, it contributed to 20.5% of the total effective light absorbance measured 
at 365 nm, which reveals the strong efficiency from such a BrC chromophore in terms of light-
absorbance per unit mass. 
The correlation of the ∑BrC with the Ångström absorption exponent (AAE) is examined 




absorption dominated by BrC constituents, and usually is related to smoldering conditions (i.e., 
low MCE) and high single-scattering albedos (SSA, the ratio of scattering to total extinction) 
values.249 The AAE values before Burn #31 were obtained at two wavelengths (401 and 870 nm) 
by Selimovic et al.,239 and after Burn #32 they were approximated with a power-law function 
(absorption = C×λ-AAE)250 by Li et al.240 It is noted that Li et al. did not approximate AAE values 
for burns after #32. The strong correlation (R2 = 0.74) between ∑BrC and AAE suggests that the 
variation of the calculated AAE can be largely attributed to the BrC constituents identified by the 
UPLC/DAD-ESI-HR-QTOFMS method, despite that there might be uncharacterized BrC 
constituents due to insufficient solvent-extraction or ESI efficiency as well as differences in 
wavelengths used for detection or calculation between different researchers from this campaign. 
In addition to the BrC measured by UPLC/DAD-ESI-HR-QTOFMS, levoglucosan and 
mannosan were identified as the first and second largest peaks on the GC/EI-MS total ion 
chromatograms (TICs, Figure C7 in Appendix C) of the 20 selected “Stack Burns.” On average, 
these two BBOA tracers accounted for 9.5±1.3% and 2.2±0.4% (up to 27.2% and 7.5%) of the 
collected PM2.5 mass, respectively, and 3.54 times (1.61-7.13) greater than the emitted ∑BrC. 
Their concentrations are closely comparable with those collocated measurements reported by Jen 
et al..96 Based on RT, the third largest peak from the GC/EI-MS TICs was likely to be galactosan, 
another common BBOA tracer and isomer of levoglucosan and mannosan, but was not quantified 
due to lack of an authentic standard. 
The emission factors (EFs) of the BrC and anhydrosugar BBOA constituents were 
calculated using the Equation (ii) and shown in Table 4.1 for the summed 37 measured BrC 
(EF∑BrC) and 2 measured sugar (EF∑sugar) compounds. The EF∑BrC was 1.71±3.23 g kg
-1 averaged 




was 5.91±13.07 g kg-1 on average, with a maximum of 59.47 g kg
-1 also from the DF-RL. 
Interestingly, this burn was calculated with the lowest MCE (0.7805) and the second-most 
collected PM2.5 mass among the 20 “Stack Burns,” suggesting the combustion was dominated by 
smoldering and thus associated with larger EFs for BBOA, including BrC constituents and 
anhydrosugars. The duff of Engelmann spruce was observed with second-largest EF∑BrC and 
EF∑sugar, probably due the longest burn duration (48 min), the second-least MCE (0.8681), and the 
most collected PM2.5 mass. The third-largest EF∑BrC and EF∑sugar occurred from the burning of the 
rotten log of Ponderosa pine, which is consistent with the observed heaviest emissions of BrC and 
sugars from rotten logs (Figure 4.1).  
4.4.2 BrC from Photochemically-Aged Emissions 
The evolution of BrC and other OA constituents was investigated using the smog chamber 
experiments conducted for photochemical aging of the primary biomass burning emissions with 
presence of HONO as a source of OH radicals. For example, the particulate water-soluble organic 
carbon (WSOC) monitored in real-time by the PILS-TOC is shown in Figure 4.2 from the 
combustion of Longleaf pine, in which the most secondary WSOC formation was observed, and 
in Figure C8 (Appendix C) for another six experiments summarized in Table C2. Rapid secondary 
particulate formation of WSOC was observed immediately after UV irradiation commenced at 
~1.65 h upon smoke injection. The rapid net growth of WSOC lasted until 2.2 h, followed by the 
second filter collection period starting at 2.3 h into the experiment and lasting for 1 h, which 
represented the photochemically-aged emission.   The chemical compositions of the 





The effective absorbance at 365 nm (calculation demonstrated in Figure C5 of Appendix 
C) increased by 65% from the “fresh” emissions to the photochemically-aged emissions, while an 
elevated signal was simultaneously observed in the TIC chromatogram from UPLC/ESI-HR-
QTOFMS (Figure C9, Appendix C), indicating substantial formation of secondary BrC OA 
constituents through photochemistry during the smog chamber experiments. Non-targeted MS 
analysis revealed that a number of SOA species were formed (or enhanced by > 50%) through the 
photooxidation (irradiation) of certain primary emissions. As shown in Figure 4.3, 29 secondary 
BBOA were identified from the Longleaf pine emissions (Fire #97). Among them, as shown in 
Table C3, nitro-catechol (C6H5NO4), trimethoxycinnamic acid (C12H14O5), and methyl nitro-
catechol and its isomers (C7H7NO4) were identified with largest ion intensities. The assigned 
molecular formulas suggest that 17 of them were possibly nitro-aromatics with molecular weights 
ranging from 139-310 g mol-1 and DBE from 5-10, including the three mentioned above, as well 
as nitrophenol (C6H5NO3), methylnitrophenol (C7H7NO3), nitrofuroic acid (C5H3NO5), 
hydroxynitrobenzoic acid (C7H5NO5), and dimethylnitrobenzenetriol (C8H9NO5), which are 
reasonably to be light-absorptive structures. Consistent numbers of secondary BBOA constituents, 
as well as primary ones that were reduced or consumed, were identified from the additional six 
smog chamber experiments (Figure C10). These results indicate strong potential of nitro-aromatics 
as secondary BrC chromophores formed during photooxidation of primary emissions in the 
presence of NO (from HONO). 
4.5 Atmospheric Implications 
In this study, 37 solvent-extractable BrC constituents, such as nitro-aromatics (e.g., methyl 
nitrocatechol) and guaiacol/styrene derivatives (e.g., vanillic acid/coniferyl aldehyde), were 




and surrogate standards, the ∑BrC accounted for 3.3±1.9% on average (up to 9.1%) of PM2.5 mass. 
On average, the EFs of ∑BrC was calculated to be 1.71±3.23 (up to 13.68 g kg-1). The detailed 
EFs of individual BrC constituents could be used by modelers to predict how the quantity of fuels 
burned in a wildfire yields light-absorbing BrC aerosols. Our BrC quantification suggests that the 
large variability in BrC emissions from the laboratory-simulated wildfires is much more influenced 
by the component of fuel (e.g., rotten log) burned than the differences between the plants of fuel. 
Additionally, the chemical composition and quantities of BrC constituents reported from the 
laboratory-simulated wildfire emissions can also serve as valuable inputs for future toxicological 
studies on their potential health effects, since burning of biomass fuels (e.g., wildfires) is one of 
the most important sources of gaseous and particulate air pollutants on global and regional scales, 
and many of its constituents, such as PAHs, have been subject to major concern in all 
environmental compartments due to their mutagenic and carcinogenic properties.112,251 Thus, 
characterizing hazardous components of these environmental pollutants is required to protect 
public health, especially for the susceptible US and global populations under the influence of 
wildfires or other sources of intensive biomass burning emissions. In addition, photochemical 
aging of primary emissions formed/enhanced organic aerosol constituent levels; most were BrC 
species (i.e., nitro-aromatics). This study provides data needed to improve predictions of changes 
in air quality and climate due to western US wildfire emissions and subsequent atmospheric 
photochemical aging. 
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Table 4.1. Information of the 20 selected combustion experiments from the 6 most commonly 
















   min g µg  g kg-1 g kg-1 
Chaparral (chamise) - Canopy C-C 32 14 3007 552 0.9539 0.11 0.18 
Chaparral (manzanita) - Canopy M-C1 28 19 6010 755 0.9631 0.16 0.43 
Chaparral (manzanita) - Canopy M-C2 33 18 4493 591 0.9622 0.19 0.45 
Douglas fir (mixed) DF 11 22 3248 626 0.9481 0.40 1.28 
Douglas fir - Canopy DF-C 64 13 3148 921 0.9255 0.44 1.24 
Douglas fir - Litter DF-L 22 26 289 152 0.9454 0.87 4.37 
Douglas fir - Rotten log DF-RL 31 32 527 1558 0.7805 13.68 59.47 
Engelmann spruce (mixed) EP 8 30 2299 388 0.9200 0.30 1.44 
Engelmann spruce - Duff EP-D 12 48 708 1718 0.8681 6.74 13.86 
Engelmann spruce - Canopy EP-C 17 10 874 397 0.8903 0.93 2.33 
Lodgepole pine (mixed) LP 63 26 2976 960 0.9364 0.41 1.92 
Lodgepole pine - Canopy LP-C 40 13 1500 855 0.9240 1.04 3.34 
Lodgepole pine - Litter LP-L 41 11 355 106 0.9377 0.35 2.49 
Ponderosa pine (mixed) PP 37 18 3249 926 0.9396 0.34 1.49 
Ponderosa pine - Rotten Log PP-RL 13 28 708 791 0.9569 3.93 10.80 
Ponderosa pine - Canopy PP-C 39 20 1627 730 0.9041 0.99 3.44 
Ponderosa pine - Litter PP-L 16 26 4900 887 0.9544 0.12 0.60 
Subalpine fir (mixed) SF 47 22 2315 749 0.9323 0.52 1.69 
Subalpine fir - Canopy SF-C 15 16 833 564 0.8856 1.46 2.95 
Subalpine fir - Duff SF-D 56 27 261 566 0.8863 1.23 4.47 
 
a “Burn No.” is the number of the burn performed at FIREX 2016 (from No. 1-107). 
b “Fuel Weight” is the dry weight of the fuel burned throughout the burn. 
c “MCE” is the modified combustion efficiency of the burn, calculated by Selimovic et al..239  






Figure 4.1. 37 particulate BrC constituents quantified as % PM2.5 mass using UPLC/DAD-ESI-
HR-QTOFMS, with tentatively suggested formulas listed in the legend. 5 of them were identified 
and quantified using authentic standards that underlined in the legend. 26 of them were suggested 
with compound names, quantified with surrogate standards and categorized into four groups: nitro-
aromatics (pink), guaiacol-derivatives (purple), styrene-derivatives (blue), and others (light blue). 






Figure 4.2. Time profile of the smog chamber experiment from Longleaf pine (Fire #97). Water-
soluble particulate organic carbon was monitored by PILS-TOC in real-time over the course of 
experiment and plotted as the light blue markers to the left y-axis. Black carbon (BC) was 
monitored by a micro-aethalometer (AethLabs) and plotted as the light gray circles to the right y-
axis. The dashed curve from ~1.0 h indicates the decay rate of particles, determined by the micro-
aethalometer during the ~40-min “wall-loss decay” period. Two sets of filter samples were 
collected for the “fresh” and “aged” smoke. The vertical dashed purple line at ~1.65 h indicates 






Figure 4.3. BrC formed (or enhanced by > 50%) during photooxidation of primary combustion 
emissions. Each circle represents a feature (ion) detected by UPLC/ESI-HR-QTOFMS in the aged 
emissions over the “fresh” smoke. Size of the circle (area) is proportional to the ion intensity 
(integrated peak area, or “abundance” in Table C3). Color of the circles reflect the fold change of 
the ion response from the aged sample over that from the “fresh” sample, ranging from 1.5 (light 
blue) to 10 and greater (pink). Selected elemental formulas are labeled next to the circle with the 









CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
In summary, source-specific atmospheric aerosols, such as marine and continental BVOC-
derived SOA as well as primary and aged biomass burning aerosol, were analyzed using a suite of 
established and developed mass spectrometric techniques and methods. Particle-phase constituents 
from the specific sources above were characterized at the molecular level using UPLC/ESI-HR-
QTOFMS and GC/EI-MS with authentic or surrogate standards.  
In Chapter 2, we considered marine aerosol samples that originated over the open ocean 
where terrestrial emissions were largely excluded. Chemical results obtained from this unique 
aerosol filter archive provided important quantitative background levels of marine biogenic SOA 
over the 25-year period from 1991-2015. Although isoprene, monoterpenes, and chlorophyll-a 
were not as abundant at Cape Grim as other coastal and oceanic sites, oxidation of isoprene and 
monoterpenes still yielded measurable seasonal and temporal trends of iSOA and mSOA. 
Moreover, in the southern mid latitudes (30°S-60°S) where the sampling site is located, iSOA and 
mSOA were one to two orders of magnitude lower than those in the other oceanic regions and did 
not contribute substantial mass to the total OA mass (0.26±0.24%, up to 0.71%) measured at this 
site. Our observations suggested that secondary OA sources other than isoprene and monoterpenes 
exist in the remote marine atmosphere to explain the uncharacterized OA mass fraction. For 
example, the summed mass concentrations of oxalic acid and MSA were ~ 28 times higher than 
the summed concentrations of iSOA and mSOA. As a result, the sum of iSOA, mSOA, oxalic acid, 
and MSA mass concentrations contributed up to 19.0% of the total OA mass. Our results provide 




potential of the marine sources leading to biogenic SOA and OA formation over the open oceans. 
However, more work is needed to chemically characterize other OA constituents (e.g., saccharides 
and fatty acids) that additionally contribute to marine aerosol in order to reveal their sources. In 
particular, more information is required to fully understand the OA constituents associated with 
phytoplankton blooms in order to more clearly identify the processes that generate OA such as 
bubble bursting processes and SOA precursors likely derived from the sea surface microlayer. As 
discussed in Chapter 2, preliminary findings obtained from the UPLC/ESI-HR-QTOFMS method 
operated in both negative and positive ion modes revealed the presence of nitrogen (N)-containing 
organic species. Tentatively identified N-containing species (as well as CHO and CHOS 
compounds) may also contribute to the uncharacterized OA mass that remains from this study. In 
the future, the observed N-containing, CHO, and CHOS compounds can be confirmed and 
quantified with appropriate standards to fully identify their structures as well as to accurately 
quantify their mass concentrations. Correlations of their concentrations (or relative abundances) 
can be examined with the measured iSOA and mSOA tracers, as well as with the reported marine 
bioactivity indicators, to investigate their sources. 
As demonstrated in Chapter 3, with authentic 2-methyltetrol and methyltetrol sulfate 
standards synthesized in-house, we developed a versatile HILIC/ESI-HR-QTOFMS method that 
can efficiently resolve and measure the major IEPOX-derived and several other water-soluble 
SOA constituents with enhanced separation, sensitivity, and accuracy. For instance, 2-
methyltetrols, which have been mostly measured by GC/EI-MS with prior derivatization in past 
studies,22,129,157 were simultaneously resolved along with 4-6 diastereomers of methyltetrol sulfate, 
allowing efficient quantification of both major classes of SOA constituents by a single non-thermal 




overestimate some of the IEPOX-derived SOA tracers, resulting from the thermal decomposition 
or reaction from derivatization during analysis. Lastly, C5-alkene triols and 3-
methyltetrahydrofuran-3,4-diols are found to be potential GC/EI-MS artifacts formed from 
thermal degradation of 2-methyltetrol sulfates and 3-methyletrol sulfates, respectively, and are not 
detected with HILIC/ESI-HR-QTOFMS. Therefore, future work should reconsider the proposed 
formation mechanism of the related IEPOX-derived SOA products and re-examine the traditional 
analytical methods for carefully measuring these compounds. In addition, since the improved 
resolution of separation clearly reveals isomeric patterns specific to methyltetrol sulfates from 
acid-catalyzed multiphase chemistry of β- and δ-IEPOX, the following steps are proposed to 
further investigate the formation mechanism of the 2-methyletrol sulfates at the isomeric level:  
(1) use H- or C13-NMR to confirm the proposed structure of the 2-methyletrol sulfate 
diastereomers collected after separation on the HILIC column; 
(2) re-generate IEPOX-derived SOA in smog chamber via acid-catalyzed reactive uptake 
of cis-β-IEPOX (instead of trans-β-IEPOX). The hypothesis is that the predominant isomeric peak 
at m/z 215 observed would elute at 4.2 min, as opposed to the one at 5.6 min from trans-β-IEPOX 
as shown in Figure 3.2; 
(3) once the structures of the separated 2-methyletrol sulfate diastereomers are confirmed, 
investigate the effect of acidity on competition of the substitution reaction mechanisms (SN1 vs. 
SN2) by varying the acidity of seed aerosol (e.g, with reduced amount of H2SO4 but fixed SO4
2- 
concentration in seed aerosol). The hypothesis is that the relative abundance of the isomeric peak 
at 5.6 min mentioned above would reduce with decreased acidity of seed particles. 
Current atmospheric models explicitly simulate SOA from the acid-catalyzed multiphase 




included the full pathways distinguishing between SN1 and SN2.
140,220–222 Therefore, accurate 
quantification of the 2-methyltetrols and methyltetrol sulfates with clear relative abundance of 
diastereomeric products will increase confidence in evaluation of model predictions, which will in 
turn lead to improved modeling of IEPOX-derived SOA. With the help of the expected outcomes 
from above, improvement in quantification of organosulfates will additionally provide much 
needed data for establishing carbon and sulfur mass closure in IEPOX-derived SOA measured or 
predicted during future lab and field studies. 
From a public health point-of-view, the characterization of the atmospheric OA 
constituents highlights the need for hazard identification of these emerging but less well 
characterized compounds from the isoprene-abundant regions with anthropogenic emissions, or 
even in the background of natural marine and terrestrial environments, especially since isoprene 
has been classified as “possibly carcinogenic to humans (group 2B)” by the International Agency 
for Research on Cancer (IARC, http://monographs.iarc.fr/ENG/classification/crthall.php.) in 2008 
and as “reasonably anticipated to be a human carcinogen” by the National Toxicity Program (NTP, 
http://ntp.niehs.nih.gov/ntp/roc/eleventh/profiles/s099isop.pdf.) in 2005. Moreover, since burning 
of biomass fuels (e.g., wildfire) is one of the most important sources of gaseous and particulate air 
pollutants on global and regional scales, many of its emissions constituents, such as PAHs, have 
been subject to major concern in all environmental compartments due to their mutagenic and 
carcinogenic properties.112,251 Thus, characterizing hazardous components of these environmental 
pollutants is required to protect public health, especially for the susceptible US and global 





APPENDIX A: SUPPLEMENTARY INFORMATION FOR “CHEMICAL 
CHARACTERIZATION OF ISOPRENE- AND MONOTERPENE-DERIVED 
SECONDARY ORGANIC AEROSOL TRACERS IN REMOTE MARINE AEROSOLS 




Figure A1. Location of Cape Grim site and “baseline” sector of wind direction. The Cape Grim 
Baseline Air Pollution Station is located at the top of 94-m cliffs on the western side of the north-





1. Baseline Conditions and Supporting Data in Baseline Reports 
Details of baseline conditions (i.e., Baseline Event Switch 2 and 3) can be found in 
Keywood, M.D (2007). Aerosol composition at Cape Grim: an evaluation of the PM10 sampling 
program and baseline event switches. Baseline Atmospheric Program Australia 2005-2006 (page 
31-35). Melbourne: Australian Bureau of Meteorology and CSIRO Marine and Atmospheric 
Research at http://www.cmar.csiro.au/e-print/open/baseline_2005-2006.pdf.  
The air mass origin maps (by U.K. Met Office) of selected events and complete baseline 
definitions built up from five different criteria including wind speed, wind direction, radon 
concentrations, condensation nuclei (CN) counts, and standard deviation of ozone, are shown by 
Molloy, S. B. and Galbally, E. in Analysis and identification of a suitable baseline definition for 
tropospheric ozone at Cape Grim, Tasmania, page 7-16 in the 2009-2010 Baseline Report at 
http://www.bom.gov.au/inside/cgbaps/baseline/Baseline_2009-2010.pdf. 
The angular radon distribution and back trajectory data from 2009-2010 by Zahorowski et 
al. can be found from page 33-38 in the same Baseline Report above. 






Table A1. Concentrations of individual isoprene- and monoterpene-derived SOA tracers, 
levoglucosan, oxalic acid, methanesulfonic acid (MSA), and calculated chlorophyll-a (Chl-a) in 





















































91s 0.201 0.227 0.507 0.066 0.075 0.006 bdlh 0.059 0.241 n/a
i
 115.89 n/a 
91w bdl bdl 0.090 0.023 0.043 0.004 bdl 0.038 0.176 n/a 4.49 n/a 
92s 0.225 0.645 1.559 0.080 0.118 0.003 0.082 0.117 0.377 n/a 126.84 n/a 
92w 0.115 0.075 0.199 0.014 0.036 0.011 0.015 0.055 0.630 n/a 5.85 n/a 
93s 0.545 0.995 2.485 0.140 0.204 0.041 0.067 0.164 0.732 n/a 101.67 n/a 
93w 0.099 0.096 0.226 0.011 0.049 0.035 0.005 0.157 0.524 n/a 3.51 n/a 
94s 0.216 0.605 1.208 0.116 0.161 0.048 0.020 0.361 0.348 n/a 84.05 n/a 
94w 0.148 0.246 0.572 0.023 0.086 0.026 0.004 0.168 0.360 n/a 4.56 n/a 
96s 0.307 0.544 1.445 0.166 0.185 0.010 0.059 0.200 0.370 18.58 134.22 n/a 
96w 0.108 0.155 0.306 0.025 0.111 0.014 0.001 0.070 1.367 12.52 6.73 n/a 
97s 0.328 0.262 0.975 0.102 0.223 0.038 0.040 0.086 0.180 31.47 129.97 n/a 
97w 0.285 0.672 1.535 0.034 0.058 0.006 0.035 0.037 1.297 8.46 2.25 n/a 
98s 0.721 1.815 4.212 0.323 0.234 0.018 0.146 0.281 0.628 37.01 99.86 n/a 
98w 0.237 0.258 0.629 0.045 0.091 0.013 0.070 0.080 1.183 11.44 3.18 n/a 
99s 0.386 0.459 1.184 0.258 0.129 0.047 bdl 0.150 0.346 15.66 76.80 n/a 
99w 0.176 0.350 0.861 0.031 0.041 0.012 0.026 0.021 0.316 7.14 3.09 n/a 
04w 0.067 0.066 0.229 0.025 0.040 0.018 0.039 0.043 0.178 4.24 6.01 156.93 
07s 0.229 0.720 1.792 0.181 0.137 0.007 0.086 0.357 0.276 21.20 100.44 179.59 
07w 0.071 0.044 0.143 0.024 0.030 0.008 bdl 0.030 0.379 5.93 2.55 82.45 
08s 0.349 1.364 3.272 0.123 0.078 0.014 0.054 0.017 0.105 15.94 65.15 160.97 
08w 0.025 0.020 0.053 0.014 0.015 0.007 bdl 0.014 0.110 12.87 1.78 86.42 
09w 0.057 0.042 0.103 0.007 0.007 0.005 bdl 0.008 0.563 7.10 2.94 75.33 
11s 0.144 0.412 0.929 0.124 0.074 0.013 0.023 0.167 0.099 8.89 83.46 147.98 
11w 0.037 0.064 0.154 0.019 0.017 0.005 0.003 0.024 0.082 1.23 0.61 99.68 
12s 0.138 1.191 2.915 0.136 0.061 0.012 0.037 0.111 0.049 5.65 96.85 156.35 
12w 0.021 0.012 0.050 0.022 0.011 0.006 bdl 0.010 0.116 1.21 0.84 82.13 
14s 0.209 0.583 1.536 0.103 0.054 0.008 0.090 0.234 1.806 20.17 113.24 170.75 
14w 0.097 0.273 0.578 0.032 0.014 0.005 0.063 0.014 0.281 12.72 3.76 99.35 
15s 0.166 0.460 1.249 0.156 0.067 0.008 0.035 0.176 0.131 13.35 90.38 136.23 
a 
2-MG stands for 2-methylglyceric acid. 
b 
Me.Thr. stands for 2-methylthreitol. 
c 
Me.Ery. stands for 2-methylerythritol. 
d 
MBTCA is 3-methyl-1,2,3-butanetricarboxylic acid. 
e 
DTAA is diaterpenylic acid acetate. 
f 
MSA stands for methanesulfonic acid. 
g 
Calculated chlorophyll-a is retrieved from satellite data. See main text Section 3.4 and SI Section 7.1 for details. 
h 
“bdl” indicates below detection limit. 
i 




2. Mass of Collected PM10 
Gravimetric mass measurements were performed on the high-volume filters using a 
Sartorius Master Pro LA130S-F balance at relative humidity of approximately 50%. The resolution 
of the balance was 0.0001 g. Each 25 cm × 20 cm filter was weighed before and after sampling 
until three weights within 0.0010 g.  
3. Details for Ion Chromatography (IC) Analysis 
Anion and cation concentrations were determined with a Dionex ICS-3000 reagent free ion 
chromatograph. Anions were separated using a Dionex AS17c analytical column (2 × 250 mm), 
an AERS-500 suppressor and a gradient eluent of 0.75 mM to 35 mM potassium hydroxide. 
Cations were separated using a Dionex CS12a column (2 x 250 mm), a CERS-500 suppressor and 
an isocratic eluent of 20 mM methanesulfonic acid. 
Seven calibration standards covering the sample concentration range are included in each 
analysis run for each analyte and a check standard is analyzed in each analysis run after the 7 
calibration standards and then after every 20 samples. 
The ion balance (IB) gives an indication of the aerosol chemistry data quality in that the 
total cation equivalents (positive charged ions) should equal the total anion equivalents (negative 
charged ions). The Global Atmospheric Watch Program (GAW) which is part of the World 
Meteorological Organization (WMO) gives the IB equation and criteria for assessing valid data 
results in its technical report 160, “Manual for the GAW Precipitation Chemistry Programme”. 
Any samples that fail the IB criteria are re-analyzed.  
The blank concentration is subtracted from each measurement. The blanks are also used to 
calculate the method detection limit (MDL). We followed the Standards Australia procedures 
which are those of the International Standard ISO 6879 Air quality – Performance characteristics 




a zero sample has a 5 % probability of causing a measured concentration above the detection limit, 
so that: 
)0(95.0 cstMDL   
where: 
Sc(0) is the standard deviation of the blanks, and t0.95 is value of the 1-tailed t distribution for P<0.05 
(i.e. the 95 % confidence limit). 
 
4. Organic Carbon, Elemental Carbon, and Total Carbon Estimation 
The organic carbon (OC), apparent elemental carbon (ECa), and total carbon (TC) contents 
of the quartz filter samples were measured by the thermal-optical transmission (TOT) technique 
(Birch and Cary, 1996), using the procedure described in Schmid et al. (2001). This involved 
stepwise combustion of the aerosol carbon to form carbon dioxide (CO2), which was then reduced 
to methane (CH4) and detected by a flame ionization detector (FID). The effects of charring during 
pyrolysis of organic compounds in the early stages of the combustion (artifact ECa) were corrected 
for by simultaneously monitoring light transmission through the filter and defining ECa as the only 
carbon that evolved after the light transmittance through the sample had reached its original level. 
The uncertainty of the TC measurement was ±0.25 µg cm-2. The average concentration of TC for 
the 32 valid Hi-Vol samples from 2002-2003 was 2.6 µg cm-2 (ranging between 0.5 and 11. 6 µg 
cm-2). The limit of detection was 0.4 µg cm-2 (determined from the standard deviation of 10 field 
sample blanks multiplied by the appropriate t value according to ISO, 1994). 
The organic matter (OM) in sample was estimated using the following equation: 




Then the ratios of OM/PM10 were calculated and averaged to be 4.09% for summer (mid-
December to mid-February) and 2.38% for winter (mid-June to mid-August), which were used to 






Table A2. Summed iSOA (∑iSOA), summed mSOA (∑mSOA), oxalic acid, and MSA estimated 
as a fraction of organic aerosol mass from 2004-2015. 
 ∑iSOA ∑mSOA PM10 iSOA mSOA [iSOA+mSOA] 
[iSOA+mSOA+ 
Oxalic acid+MSA] 
 ng/m3 ng/m3 µg/m3 to OA to OA to OA to OA 
Summer        
2007 2.60 0.77 16.1 0.394% 0.117% 0.511% 18.955% 
2008 4.73 0.29 18.9 0.612% 0.037% 0.649% 11.145% 
2011 1.48 0.40 19.8 0.183% 0.049% 0.232% 11.613% 
2012 4.24 0.36 15.9 0.652% 0.055% 0.707% 16.454% 
2014 2.33 0.49 18.1 0.315% 0.066% 0.381% 18.416% 
2015 1.87 0.44 19.6 0.233% 0.055% 0.288% 13.209% 
Average 2.88 0.46 18.1 0.398% 0.063% 0.462% 14.767% 
Winter        
2004 0.36 0.16 18.2 0.084% 0.038% 0.122% 2.493% 
2007 0.24 0.09 15.0 0.068% 0.026% 0.094% 2.466% 
2008 0.09 0.05 17.8 0.022% 0.012% 0.034% 3.492% 
2009 0.20 0.03 24.3 0.035% 0.005% 0.040% 1.775% 
2011 0.26 0.07 22.1 0.049% 0.013% 0.062% 0.412% 
2012 0.08 0.05 19.6 0.018% 0.010% 0.028% 0.467% 
2014 0.95 0.13 16.5 0.241% 0.033% 0.274% 4.461% 






5. Surface Ozone at Cape Grim 
Ozone measurements were made at 10 m above the laboratory roof through the main station 
stainless steel inlet, using the absolute ozone monitor designated as TECO-2 (Model 49, Thermo 
Instruments, USA) for the whole period, and a newer ozone monitor (Model 49C, Thermo 
Instruments, USA) designated TECO-3. The absolute accuracy of the ozone monitor was checked 
regularly against a Thermoelectron Model 49PS ozone calibrator. Automatic calibrations were 
performed approximately every two weeks.  
The provisional surface ozone monthly mean concentrations for all conditions for January 
1990 to December 2015 are presented in the figure below. 
 
 
Figure A2. Monthly average surface ozone concentrations (nmol/mol, or ppb) at Cape Grim from 






























Figure A3. Correlations of the summed concentration of the three isoprene-derived SOA tracers 
(iSOA, green) or the five monoterpene-derived SOA tracers (mSOA, blue) with MSA/Oxalic 
acid/Chl-a (from left to right). Years and austral seasons (n=13-29) with available data are labeled 





6. Chlorophyll-a (Chl-a) Data Usage and Description 
6.1 Satellite measurement by remote sensing 
Global Chl-a concentrations were derived from ocean color every day with a spatial 
resolution of 1-km, measured by the Moderate Resolution Imaging Spectroradiometer (MODIS) 
instrument aboard NASA's Terra and Aqua satellites over the entire planet. The MODIS 
instrument offers an estimate of the near-surface concentration of chlorophyll calculated using an 
empirical relationship derived from in situ measurements of chlorophyll and remote sensing 
reflectances in the blue-to-green region of the visible spectrum. Since the values retrieved from 
the formatted files were scaled and resampled for visualization purposes by NASA Earth 
Observation (NEO) and not suggested for rigorous scientific examination, we only adapted them 
for trend detection and simply correlation. See 
https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MY1DMM_CHLORA for more information for 
the related websites, description, algorithm, and data file formats.  
Total monthly Chl-a contents in this study were averaged and integrated from the oceanic 
region over [30-60°S, 90-150°E]. This region is determined based on previous back trajectory 
studies for suitable timescale of SOA formation and transport (approximately 4 days for 
correspoding air parcels to reach Cape Grim, roughly one unit of Rn’s half-life = 3.84 days, 
reported in 2009-2010 Baseline Report, Page 33-38). On the temporal scale, the selected months 
also cover the same filter sampling period as precise as possible. 
It is worth mentioning that the values of high-resolution Chl-a concentrations retrieved 
online in the .csv files have been scaled and resampled, and thus are basically used to examine 





6.2 In situ measurements 
Chl-a concentration was measured in the local seawater samples obtained approximately 9 
km offshore from Couta Rocks, 50 km south of Cape Grim, in the selected years from 1995-2007. 
One-liter ocean water samples were filtered onto 42-mm diameter glass fibre filters followed by 
extraction with methanol, and then determined by a published acidification method (Holm-Hansen 
and Riemann, 1978) using a digital fluorometer (Turner Instrument, 10AU).  
When both types of Chl-a data were available during 2003-2006, we compare the in situ 
measurements at the offshore site made from the sea surface (depth = 0 m, data retrieved from 
Baseline Reports 2003-2004 (page 81-86) and 2005-2006 (page 80-84), by Cainey et al. at 
http://www.bom.gov.au/inside/cgbaps/baseline.shtml), and the satellite measurements at the same 
location and time period (Hi-Res of 0.1×0.1 degree, 8-day average), as shown in Figure A4. 
Although the location and time coverage between the two types of measurements were not exactly 
the same, the comparison reveals similar trends of Chl-a concentrations over the years. Therefore, 
it would be reliable to correlate the whole-time satellite measured Chl-a with the iSOA 












Table A3. List of molecular formulas of N-containing and other species tentatively identified by 
UPLC/ESI-HR-QTOFMS operated in negative (-) and positive (+) ion modes. 
ESI (-) ESI (+) 
CHNO3 CHNO4 Other N-Containing CHO(S) N-Containing 
C7H13NO3 C9H17NO4 C5H6N4O5 C4H6O4 C4H6N2 
C8H15NO3 C10H19NO4 C7H5NO3S2 C5H8O4 C7H11N7O 
C9H17NO3 C11H21NO4 C7H15NO5S C6H10O4 C8H19N 
C10H19NO3 C12H23NO4 C11H12N4O2 C7H10O4 C9H17NO2 
C11H21NO3 C13H25NO4 C8H17NO5S C8H6O4 C9H17NO3 
C12H23NO3   C9H19NO5S C8H12O4 C11H19N7O 
C13H25NO3  C12H23NO5 C8H14O4 C12H23N7O 
C14H21NO3   C10H21NO5S C9H18O3 C13H25NO2 
C14H27NO3  C11H23NO5S C8H10O3S C13H25NO3 
C15H29NO3   C19H9ClN4O C8H12O5 C14H16N6O2 
  C17H32N2O5 C9H16O4 C18H28N6O6 
    C17H30N2O3 C10H18O4 C27H41N 
  C18H34N2O5 C11H20O4  
    C19H34N2O5 C12H20O4   
  C19H36N2O5 C12H20O5  
    C20H38N2O5 C9H18O6S   
  C20H36N2O3 C13H22O5  
    C16H4N2O7S2 C18H30S2   
  C21H40N2O5 C17H26O5  
    C16H28N2O10 C17H28O5   
  C12H6N4O11S C20H14O9  
    C14H2N4O12S     
  C15H6N4O7S3   
    C12H6N4O12S2     
  C18H4N4O10S2   
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR “DEVELOPMENT OF A 
HYDROPHILIC INTERACTION LIQUID CHROMATOGRAPHY METHOD FOR THE 
CHEMICAL CHARACTERIZATION OF ISOPRENE EPOXYDIOL-DERIVED 




Figure B1. Structure and 1H NMR (D2O, 400 MHz) of 2-methytetrol sulfate diastereomer standard 
(ammonium 1, 3, 4-trihydroxy-2-methylbutan-2-yl sulfate; optical configurations indicated below 






Figure B2. The EICs in Figure 2.1 (b1-b2) are reproduced here for the 2- and 3-methyltetrol sulfate 
standards. The tertiary methyltetrol sulfate esters with correct optical configurations at the 
asymmetric centers are enclosed in dashed grey boxes. The top row of structures shows all possible 
the structural isomers without optical configurations indicated. From left to right: 1,3,4-trihydroxy-
3-methylbutan-2-yl sulfate, 1,3,4-trihydroxy-2-methylbutan-2-yl sulfate (2-methyltetrol sulfate, in 
dashed orange box), 2,3,4-trihydroxy-3-methylbutyl sulfate (3-methyltetrol sulfate in solid red 
box), and 2,3,4-trihydroxy-2-methylbutyl sulfate. In the insets at the right side of the figure, EICs 
at a reduced scale (10%) indicate a trace peak(s) at ~6.8 min, which may represent the primary 






Figure B3. Total ion chromatograms (TICs) of a laboratory-generated β-IEPOX-derived SOA 






Figure B4. Mass spectra from HILIC/ESI-HR-QTOFMS of the chromatographic peak of m/z 
215.023 from a) 10 μg mL-1 standard of 3-methyltetrol sulfate, b) laboratory-generated δ-IEPOX 
SOA, and c) PM2.5 sample collected at Look Rock during 2013 SOAS campaign, at RT at: 1) 2.2 
min; 2) 4.5 min; and 3) 9.6 min. Note that the chromatographic peak in “c3” has significantly 





1. Aerosol Volume Measurement, Mass Calculation, and Mass Closure for Laboratory-
Generated SOA 
Chamber aerosol number distributions, which were subsequently converted to total aerosol 
surface area and volume concentrations, were measured by a scanning electrical mobility system 
(SEMS v5.0, Brechtel Manufacturing Inc. – BMI) containing a differential mobility analyzer 
(DMA, BMI) coupled to a mixing condensation particle counter (MCPC Model 1710, BMI). The 
SEMS system has an internal Nafion dryer connected inline between its inlet and neutralizer. Total 
aerosol mass concentration was calculated using the total volume concentration multiplied by the 
density of 1.42 g mL−1 of the particles formed after reaction (for the seed aerosol of acidified 
ammonium sulfate, a density of 1.77 g mL−1 was used). The densities used above were reported 
by Riva et al. based on single-particle characterizations from experiments conducted with trans-
β-IEPOX and acidified ammonium sulfate aerosols under similar conditions.1 However, the 
volume growth was found to be lower for δ-IEPOX-derived SOA, which means the resulting 
density was higher than 1.42 g mL−1. Therefore, assuming the widely reported organic density of 
1.2 g mL-1 and volume additivity, the resulting density for total aerosol has been corrected to 1.55 
g mL-1, which was used to calculate the mass of total aerosols generated from δ-IEPOX and 
acidified ammonium sulfate. It is also reasonable to assume that sulfates, either in inorganic or 
organic forms, remained in the aerosol phase and the change in ammonium equilibrium between 
the gas and aerosol phase after IEPOX uptake was small as indicated by Aerosol Chemical 
Speciation Monitor (ACSM, Aerodyne Research Inc.) measurements. Therefore, the calculated 
aerosol mass concentration includes both the inorganic sulfate group and the sulfate groups that 
are covalently bonded to the organic residue. The averaged aerosol masses during the PILS 




Table B1. Experimental Conditions and Calculated Aerosol Mass for Laboratory-Generated 
IEPOX SOA  







trans-β-IEPOX (NH4)2SO4 + H2SO4 188.51 21-23 50-50 
δ-IEPOX (NH4)2SO4 + H2SO4 150.13 21-23 50-55 
 
Figure B5 shows the aerosol volume concentration and the seed volume decay during the 
experiments. For the laboratory-generated SOA from trans-β-IEPOX (top), the PILS sample 
selected was collected near the end of the experiment at time 3:27 with 2-methyltetrols measured 
to be ~64 µg m-3 and methyltetrol sulfates measured to be ~110 µg m-3. At the same time, the 
SEMS-MCPC system measured 133 µm3 cm-3 total particle volume concentration, which was 
converted to a total mass concentration of 189 µg m-3 (density = 1.42 g mL−1); and 42 µm3 cm-3 
seed particle volume concentration (assuming first-order decay rate), which was converted to a 
total seed mass concentration of 75 µg m-3 (density = 1.77 g mL−1). Thus, the two quantified 
IEPOX SOA components accounted for ~92% of the total aerosol mass, which suggests that the 
inorganic sulfate in the seed aerosol might be substantially converted into organosulfates. This was 
supported by measurements using ion chromatography for the PILS samples collected during the 
course of the experiment. These details are being expanded upon in another manuscript just 
submitted. A similar mass-closure situation was observed for the laboratory-generated SOA from 






Figure B5. Time profile of total aerosol volume concentration and aerosol mass breakdown for 
the experiments from (top) trans-β-IEPOX; and (bottom) δ-IEPOX. Ammonium bisulfate particles 
were injected into the chamber to reach ~ 75 μm3 cm-3. After seed injection, the chamber was left 
static for at least 30 min to ensure that the seed aerosol was stable and uniformly mixed. Then, 30 
mg of trans-β- or δ-IEPOX was injected into the chamber. PILS collection was performed at the 
end of each experiment, as indicated by the arrow. The bars on the right side show the mass 
concentrations of the total particles, the initial seed particles measured by the SEMS. 2-
Methyltetrols and methyltetrol sulfates concentrations were measured by the HILIC/ESI-HR-






Figure B6. GC/EI-MS EICs of m/z 219 corresponding to 2-methyltetrols (RT = 34.0, 34.8 min) 
from: a) 50 µg mL-1 standard of 2-methyltetrol; b) 50 µg mL-1 standard of 2-methyltetrol sulfate; 
c) 50 µg mL-1 standard of 3-methyltetrol sulfate; d) laboratory-generated β-IEPOX SOA; e) 
laboratory-generated δ-IEPOX SOA; f) PM2.5 sample at Look Rock during 2013 SOAS campaign; 
g) PM2.5 sample at Manaus in Nov. 2016. Note that the y-axis scale was adjusted to the highest 





Figure B7. GC/EI-MS EICs of m/z 262 corresponding to 3-MeTHF-3,4-diols (RT = 22.0, 22.6 
min) from: a) 50 µg mL-1 standard of 2-methyltetrol; b) 50 µg mL-1 standard of 2-methyltetrol 
sulfate; c) 50 µg mL-1 standard of 3-methyltetrol sulfate; d) laboratory-generated β-IEPOX SOA; 
e) laboratory-generated δ-IEPOX SOA; f) PM2.5 sample at Look Rock during 2013 SOAS 
campaign; g) PM2.5 sample at Manaus in Nov. 2016. Note that the y-axis scale was adjusted to the 




2. Estimation of C5-Alkene Triols, 2-Methyltetrols, and 3-MeTHF-3,4-diols Potentially 
Resulting from Thermal Degradation of Methyltetrol Sulfates 
As shown in Figure 3.5, a large amount of C5-alkene triols was observed from the 2-
methyltetrol sulfate standard using GC/EI-MS, while 2-methyltetrols (Figure B6) and 3-MeTHF-
3,4-diols (Figure B7) were observed from the 3-methyltetrol sulfate standard. By running both 
methyltetrol sulfate standards from 0.25-50 µg mL-1, we established a semi-quantitative 
relationship between the response of C5-alkene triols (as well as 2-methyltetrols and 3-MeTHF-
3,4-diols) produced and the concentrations of 2- (or 3-) methyltetrol sulfate standards prepared. 
For example, the response factor of C5-alkene triols was determined to be 15301 peak area (in EIC 
of m/z 231 at 26.9, 27.9, and 28.3 min, see Figure 3.5) per 1 µg mL-1 of 2-methyltetrol sulfate 
standard. In Table S2, 2-methyltetrol sulfate from the laboratory-generated SOA from β-IEPOX 
was measured using HILIC/ESI-HR-QTOFMS to be 1.773 µg mL-1 in the 150 µL of solution after 
reconstitution. The solvent of reconstitution was 95:5 ACN/water for HILIC/ESI-HR-QTOFMS 
or 2:1 BSTFA (N,O-bis (trimethylsilyl) trifluoroacetamide + trimethylchlorosilane, 99:1, Supelco) 
/pyridine  for GC/EI-MS. After correction for the 200-fold dilution, 2-methyltetrol sulfate was 
determined to be 355 µg mL-1 as listed in the table. In another aliquot of the same filter extract, 
the response of C5-alkene triols was back-calculated as a result of 1183 µg mL
-1 2-methyltetrol 
sulfate, according to the semi-quantitative relationship described above, assuming the same yield 
of C5-alkene triols from the 2-methyltetrol sulfate standard, since the standards and samples were 
analyzed in one GC/EI-MS sequence.  
By doing this, as shown in Table B2, we attribute 30.0% (355 µg mL-1/1183 µg mL-1 = 




methyltetrol sulfate from the laboratory-generated SOA from β-IEPOX, the Look Rock, and the 
Manaus samples, respectively.  




C5-Alkene triols attributed to 2-
methyltetrol sulfate 
  µg mL-1 µg mL-1 % 
Lab. SOA from β-IEPOX 355 a 1183 30.0% 
Look Rock, TN, USA 58 136 42.8% 
Manaus, Brazil 175 1185 14.7% 
a The concentrations are converted to those in the 150-µL solution after reconstitution for the dried filter extract.  
 
Similarly, the response factors of 2-methyltetrols and 3-MeTHF-3,4-diols were determined 
to be 5659 and 2169 peak area per 1 µg mL-1 of 3-methyltetrol sulfate standard, respectively. Thus, 
as shown in Table B3, thermal degradation of 3-methyltetrol sulfate might result in 11.1% and 
over 100% (112.3%) of the 2-methyltetrols and 3-MeTHF-3,4-diols observed in the laboratory-
generated SOA from δ-IEPOX.  






to 3-methyltetrol sulfate 
3-MeTHF-3,4-diols attributed 
to 3-methyltetrol sulfate 
  µg mL-1 µg mL-1 % µg mL-1 % 
Lab. SOA from δ-IEPOX 361 a 3247 11.1% 322 112.3% 






3. Analytical Uncertainty 
The overall analytical uncertainty, %eT, in our quantification was calculated using the 
equation below2.  
%𝑒𝑇  = √%𝑒1
2 + %𝑒2
2 + ⋯ + %𝑒𝑛2 
When most the (n) relative errors reasonably applied, %eT = ±17.2%. The relative errors are 
estimated for: 
1. Purity of standards and potential degradation over time - ~5%, estimated by the internal 
standard from 1H NMR and repeated measurements for the same stock standard; 
2. Air sampling rate of the filter and PILS samplers - ~0.7%, estimated by repeated 
measurements for the same condition; 
3. Water flow rate of PILS wash flow - ~6%, estimated by repeated measurements for the same 
condition; 
4. Extraction efficiency (filter) - ~1%, the recovery rate of filter extraction using a larger piece 
of quartz filter (4 cm × 5 cm, rather than the 47-mm diameter) was determined to be 76.2 ± 
0.8 % (for the methyltetrol sulfate standards), but we didn’t correct for recovery; 
5. Collection efficiency (PILS) - ~2%, reported by BMI and examined by comparing the PILS-
IC and SEMS-MCPC measurements; 
6. Dilution of samples (when needed) - ~1% estimated by the errors caused by transferring 
liquids; 
7. SEMS-MCPC measurement - ~5%; 
8. Density of IEPOX-SOA particles: ~1%; 
9. Q-TOF detection - 2%, estimated by relative standard deviation from repeated injections; 
10. GC/EI-MS - 2%, estimated by relative standard deviation from repeated injections; 
11. Data processing - ~15%, this varies by manual integration of chromatographic peak area, 
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR “CHEMICAL 
COMPOSITION OF BROWN CARBON AEROSOL FROM PRIMARY AND 
























    ≥ min m/z m/z ppm m/z µg mL-1   
1 2-Nitrophenol C6H5NO3 Sigma-Aldrich 98% 
10.96, 
11.7 








C7H7NO3 TCI America 98% 11.85 152.0353 152.0352 -0.7 122, 46, 106 0.0025-1 0.9855 6.7E+06 







95% 9.3 168.0297 168.0305 4.8 
137, 138, 109, 
66, 46 








C10H7NO3 TCI America 98% 12.8 188.0353 188.0354 0.5 158, 142, 46 0.01-25 0.9813 7.4E+06 
8 Sinapic acid C11H12O5 Sigma-Aldrich 98% 10.44 223.0612 223.0608 -1.8 
193, 149, 121, 
164, 93, 163 




C10H16O4S Sigma-Aldrich 98% 10.52 231.0697 231.0705 3.5 - 0.1-100 0.9882 6.4E+06 
i.s.  
GC 




GC Levoglucosan C6H10O5 Sigma-Aldrich 99% 36.6 - - - 219 1-500 0.9989 2.2E+04 
GC Mannosan C6H10O5 Sigma-Aldrich 98% 35.6 - - - 219 2.5-500 0.9975 1.9E+04 
 
a As denoted, camphor-10-sulfonic acid and ketopinic acid were prepared as internal standards (i.s.) for UPLC/(DAD)-
ESI-HR-QTOFMS, ketopinic acid was also prepared as an internal standard for GC/EI-MS (GC). Levoglucosan and 
mannosan were used as external standards for GC/EI-MS. 
b “Diff.” is the mass difference between the exact mass and measured mass. 
c “Res. Factor” is the response factor of each standard determined with UPLC/(DAD)-ESI-HR-QTOFMS (or GC/EI-
MS for levoglucosan and mannosan), defined as integrated peak area (on extracted ion chromatogram) per unit 





Table C2. List of all seven smog chamber experiments for photochemical aging of primary 
biomass burning emissions. 
Fire # Fuel Description 
Net WSOC 





97 Longleaf pine ~35 Figure 4.2 Figure 4.3, Table C2 
83 Engelmann spruce ~25 Figure C8-A Figure C10-A 
91 Chaparral (manzanita) - canopy ~25 Figure C8-B Figure C10-B 
99 Cow dung, Montana ~25 Figure C8-C Figure C10-C 
87 Lodgepole pine - canopy ~0 Figure C8-D Figure C10-D 
101 Ponderosa pine - rotten log ~10 Figure C8-E Figure C10-E 






Table C3. List of 29 BBOA species formed or enhanced during photooxidation from the smog 
chamber experiment (Fire #97, Longleaf pine). The suggest formulas of nitro-aromatics (with 











Tentatively Identified  
as 
152.0354 10.84 42.90 2.3E+05 C7H7NO3 5 -0.4 Methylnitrophenol 
121.0296 9.79 29.68 4.0E+05 C7H6O2 5 1.01 Benzoic acid 
309.0368 10.25 17.94 1.4E+05 C12H10N2O8 9 -2.88 - 
168.0304 10.05 13.83 1.5E+05 C7H7NO4 5 -2.2 Methyl nitrocatechol 
198.0408 8.98 12.46 1.3E+05 C8H9NO5 5 -4.37 Dimethylnitrobenzenetriol 
154.0144 10.25 11.33 1.1E+07 C6H5NO4 5 -2.05 Nitrocatechol 
155.9935 8.07 11.18 1.5E+05 C5H3NO5 5 -8.8 5-Nitrofuroic acid 
230.0463 12.48 9.93 1.3E+05 C12H9NO4 9 -0.35 - 
124.0163 10.25 9.68 1.3E+05 C4H3N3O2 5 -10.82 - 
152.0355 12.21 9.20 1.9E+05 C7H7NO3 5 -0.01 Methylnitrophenol 
94.98114 1.65 8.12 2.6E+05 CH4O3S 0 -1.45 Methanesulfonic acid 
182.0096 6.92 7.96 8.6E+04 C7H5NO5 6 -12.67 Hydroxynitrobenzoic acid 
182.0099 11.99 7.96 4.1E+05 C7H5NO5 6 -2.54 Hydroxynitrobenzoic acid 
224.0564 11.01 6.24 7.0E+04 C10H11NO5 6 0.08 - 
228.0309 13.16 4.96 6.7E+04 C12H7NO4 10 -2.31 - 
214.8801 1.93 4.75 4.4E+04 - - - - 
326.9693 10.30 4.50 3.0E+04 - - - - 
138.0208 11.18 4.30 8.4E+05 C6H5NO3 5 -2.48 2-Nitrophenol 
178.0151 11.75 3.39 3.6E+04 C8H5NO4 7 -0.63 - 
471.1319 11.24 3.36 1.2E+05 C24H24O10 13 0.19 - 
241.0023 2.59 3.35 1.1E+05 C9H6O8 7 -10.72 - 
579.1934 11.23 3.34 1.1E+05 - - - - 
237.0767 11.22 2.87 3.4E+06 C12H14O5 6 -0.65 Trimethoxycinnamic acid 
419.1564 11.21 2.85 2.2E+05 C18H28O11 5 -1.54 - 
165.0192 10.88 2.24 3.5E+05 C8H6O4 6 2.33 Benzenedioic acid 
165.0192 9.60 2.18 7.5E+05 C8H6O4 6 1.72 Benzenedioic acid 
168.0302 11.78 1.77 1.8E+06 C7H7NO4 5 -0.4 Methyl nitrocatechol 
168.0302 11.23 1.76 2.4E+06 C7H7NO4 5 -0.42 Methyl nitrocatechol 







Figure C1. Sample collection and primary emission delivery from “Stack Burns”. The sample flow 
direction is indicated by the brown arrows. Air flow rates, dimensions, and resident times are 






Figure C2. PM2.5 concentrations from the 75 “Stack Burns” and 15 “Room Burns”. PM2.5 mass 
concentration (µg m-3, on the y-axis) was determined by weighing the filters using a sensitive 
electronic balance and then divided by the total sampled air volume. The six most commonly 
burned fuels are marked in colors as indicated in the legend on top. The 20 selected burns primary 











Figure C4. Coniferyl aldehyde as an example of BrC identified using UPLC/ESI-(DAD)-HR-
QTOFMS with detected light absorption at 365 nm from the rotten log of Douglas fir (DF-RL). 
The general processes include peak detection aligned on UV-vis and ion chromatograms, 
background subtraction of mass spectra, and formula assignment and BrC identification assisted 
with accurate m/z, MS/MS fragments, relative abundance of isotopic peaks, possible numbers of 







Figure C5. Molecular BrC identified on UV-vis (365 nm) chromatogram and contribution of 
coniferyl aldehyde to total effective absorbance from the rotten log of Douglas fir (DF-RL). Three 
BrC identified using authentic standards are highlighted in red texts. The full UV-vis 
chromatogram was shown in the upper left insert. The total effective absorbance determined by 
UPLC/DAD was defined as the absorbance from the filter sample minus that from the field blank 






Figure C6. Correlation of the summed BrC (∑BrC) with Ångström absorption exponents (AAE) 
from 11 out of the 20 selected “Stack Burns”. AAE from the “Stack Burns” before #31 was 
obtained from Selimovic et al.239 and after #32 from Li et al.,240 if available. Note that there are 






Figure C7. Levoglucosan and mannosan quantified as % of collected PM2.5 mass by GC/EI-MS 
using authentic standards. Insert: a GC/EI-MS total ion chromatogram (TIC) from the rotten log 
of Douglas fir (DF-RL) shows the 1st, 2nd, and 3rd largest peaks on the TIC being levoglucosan, 






Figure C8. Time profile of six smog chamber experiments, with the fire # and fuel type shown in 
the text box in each panel (A.-F.).Water-soluble particulate organic carbon was monitored by PILS-
TOC in real-time over the course of experiment and plotted as the light blue markers to the left y-
axis. The dashed curve from ~1.0 h indicates the decay rate of particles. The vertical pruple dashed 
line indicates when the UV lamps were turned on. Two sets of filter samples were collected for the 






Figure C9. (A.) UV-vis absorbance at 365 nm from UPLC/DAD and (B.) total ion chromatogram 
(TIC, from UPLC/ESI-HR-QTOFMS) from PM2.5 collected “fresh” and photochemically-aged 
emissions from the combustion of Longleaf pine. The red dash-lined circles highlight the elevated 
signals in both chromatograms from 10.1-11.2 min, likely caused by BrC formed or enhanced 






Figure C10. BBOA constituents formed/enhanced (or reduced) during photochemistry from the 
six additional smog chamber experiments. The panel code (A.-F.) is corresponding to the same 
experiment (from Fire #83, 91, 99, 87, 101, 105, respectively) in Table C3 and Figure C8. Size of 
the circle (area) is proportional to the ion intensity (integrated peak area). Color of the circles reflect 
the fold change of the ion response from the aged sample over that from the “fresh” sample, ranging 
from 1.5 (light blue) to 10 and greater (pink). In the panels A., B., and F., BBOA constituents 
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